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ABSTRACT 


One  of  the  potentially  attractive  applications  of 
nuclear  fusion  is  to  breed  fissile  fuel  for  use  in 
fission  reactors.  This  thesis  examines  a  novel  non¬ 
power  producing  fusion  reactor  based  on  the  spherical 
torus  concept  with  a  catalyzed  deuterium-deuterium  fuel 
cycle  and  aqueous  self-cooled  blanket  for  use  as  a 
fissile  breeder. 

The  breeding  of  fissile  fuel  is  accomplished  by 
dissolving  a  uranium  salt,  uranyl  nitrite,  in  heavy 
water  which  flows  through  the  first  wall  and  blanket 
providing  both  cooling  and  fissile  breeding.  The  need 
for  tritium  breeding  is  eliminated  by  the  use  of  a 
catalyzed  D-D  fuel  cycle. 

Analysis  of  this  novel  reactor  concept  indicates  a 
fissile  breedinq  ratio  of  1.34  [ Pu*3’/ source  neutron! 
using  a  15  [cm!  beryllium  moderator  and  7  mol%  uranyl 
nitrite  in  the  heavy  water.  A  typical  reactor  using 
this  blanket  can  produce  more  than  8000  [kg/yr!  of 
plutonium  at  a  cost  of  about  $52  per  gram.  This 
indicates  the  potential  for  a  reactor  which  can 
provide  fissile  fuel  at,  or  below,  its  current  mined 
cost . 
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There  are  only  a  few  energy  sources  that  can  be 
considered  inexhaustible  in  the  practical  sense. 
Included  in  these  are  solar,  nuclear  fusion,  and 
nuclear  fission  given  the  technology  to  convert  the 
vast  resources  of  fertile  isotopes  to  fissile  isotopes. 
The  Liquid  Metal  Fast  Breeder  Reactor  (LMFBR)  is  one 
possibility  for  such  technology.  The  f us i on-f  i  ss i on 
hybrid  breeder  is  another  possibility  with  higher 
performance  potential  but  also  with  a  higher 
technological  risk.  It  is  the  purpose  of  this  thesis 
to  examine  a  f us i on-f i ss i on  hybrid  breeder  based  on 
three  unique  and  potentially  beneficial  concepts:  the 
spherical  torus,  the  catalyzed  deuterium-deuterium  fuel 
cycle,  and  the  aqueous  self-cooled  blanket. 

This  study  differs  from  previous  studies  in  that: 
(1)  a  deuterium  fuel  cycle  is  used  to  eliminate  the 
need  to  breed  tritium;  (2)  a  compact  tokamak  (spherical 
torus)  is  used  as  a  confinement  scheme;  (3)  and  an 
aqueous  self-cooled  blanket  is  utilized  to  provide 
neutron  moderation,  to  suppress  fissioning,  and  to  ease 
removal  and  processing  of  the  fissile  material. 
Additionally,  uranium  <U”")  will  be  the  fertile 
material  employed  and  a  denatured  uranium-plutonium 


light-water  reactor  fuel  cycle  will  be  considered  in 
the  analysis. 


An  overview  of  previous  work,  as  well  as  a  summary 
of  the  deuterium-deuterium  fuel  cycle,  the  spherical 
torus,  and  the  aqueous  self-cooled  blanket,  will  be 
provided  in  this  chapter.  The  scope  and  methods  of 
analysis  will  then  be  defined  and  a  brief  synopsis  of 
the  remainder  of  the  paper  will  be  provided. 

1.1.  Previous  Concepts 

Prior  to  describing  the  reactor  concept  proposed 
here,  it  is  beneficial  to  review  some  of  the  previously 
proposed  hybrid  designs.  Each  of  the  designs 
illustrated  has  its  own  advantages  and  disadvantages  as 
a  fissile  fuel  and  power  producer.  Two  of  the 
illustrated  designs  proposed  by  Lawrence  Livermore 
National  Laboratory  <LLNL)  are  current  designs  and 
continue  to  be  studied  and  upgraded.  The  remainder  are 
conceptual  designs  with  only  limited  analysis  having 
been  performed.  The  differences  among  the  previous 
concepts  and  that  proposed  here  will  be  examined  on  the 
basis  of  three  major  features:  fuel  cycle;  reactor 
embodiment  or  confinement  scheme;  and  blanket  design  or 
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concept.  It  is  worth  noting  that  the  design  proposed 
here  is  the  only  one  which  does  not  generate 
e lectr ic i ty . 


3$ 
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1.1.1 


Of  the  three  designs  examined  in  review  of 
previous  concepts  £1,2,31,  all  except  the  Molten-Salt 
Fueled  D-D  Hybrid  proposed  by  Oak  Ridge  National 
Laboratory  (ORNL)  £11  use  a  deuter i um- tr i t i um  CD-T) 
fuel  cycle  and  must,  therefore,  breed  tritium.  The 
Molten-Salt  D-D  Hybrid  utilizes  a  sem i -catal yzed 
deuterium-deuterium  fuel  cycle  where  the  tritium  and 
helium-3  produced  are  allowed  to  remain  in  the  plasma, 
but  are  not  purposely  recycled  back  into  the  plasma. 
This  differs  from  the  design  proposed  here  where  all  of 
the  tritium  and  90%  of  the  helium-3  are  recycled  back 
into  the  plasma. 
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1.1.2. 


Just  as  most  of  the  current  designs  utilize  the  D- 


T  fuel  cycle,  most  of  these  designs  consider  some  form 
of  tandem  mirror  as  the  plasma  confinement  scheme.  The 


Molten-Salt  Fueled  D-D  Hybrid  £11  does  not  specifically 
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describe  any  confinement  scheme,  but  does  utilize  the 
cost  model  from  WILDCAT,  which  is  based  on  tokamak 
conf inement . 


K 


1.1.3.  Blanket  Concepts 


> 


The  blanket  concept  for  each  of  the  reactor 
designs  are  given  in  detail  in  the  following 
subsections,  and  the  concepts  are  compared  in  Table  1- 
1.  All  reactors  assume  a  thorium-uranium  breeding 
cycle,  whereas  the  design  presented  herein  uses  a 
uranium-plutonium  breeding  cycle  to  capitalize  on  the 


i 


higher  solubility  of  uranium  salts.  Comparison  of  the 
two  breeding  cycles  is  given  in  Chapter  6. 

Molten-Salt  Fueled  D-D  Hybrid  C7J 


K 


The  molten-salt  fueled  D-D  hybrid  blanket  is 
composed  of  a  molten  fluoride  salt,  71  mol%  NaF,  2  mol% 
BeF2,  27  mol%  ThF«,  flowing  through  a  stainless  steel 
structure  and  out  to  a  reprocessing  station.  The  major 
cooling  and  heat  removal  are  accomplished  by  a  2.5  fcmi 
water  cooled  first  wall,  with  the  remainder  of  the  heat 
removal  being  accomplished  by  heat  exchange  with  the 
molten  salt.  Lithium  is  not  required  in  this  system 
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Table  1-1:  Comparison  of  Previous  Hybrid  Reactor 
Designs 


Heliua-Cooled 

Liquid-Metal-Cooled 

Molten  Salt 

Fission-Suppressed 

Molten-Salt-Fueled 

Fusion  Breeder 

Fusion  Breeder 

D-D  Hybrid  Reactor 

C21 

131 

111 

P.  .  1NW1 
fusion 

3000 

2600 

1986 

P  ,  .  .  CHUel 
electric 

13B0 

1990 

926 

P  ,,  ,  ,  [HH/»2] 
vail  load 

2 

1.7 

not  given 

Tritium  Breeding  Ratio, 

T  Ci/neutron) 

1.0 

1.06 

N/A 

Fissile  Breeding  Ratio, 

F  [i/neutronl 

0.6 

0.84 

0.7 

Blanket  Multiplication, 

"  CEb.nkt/En] 

1.6 

2.4 

1.5 

Fissile  Production  [kg/yrl 

6380 

6660 

6B08 

@  80X  Capacity 

Blanket  Coolant 

He 

Li  (liquid) 

water 

Structure 

SS-316 

SS-316 

SS-316 

Neutron  Multiplier 

Be  Pebbles 

Be  Spheres 

Be  (in  breeder) 

Breeder 

Molten  Salt: 

Th  (»etal) 

Molten  Salt: 

LiF  70  aoll 

NaF  71  Mil 

BeF„  12  toll 

ThF*  18  »oll 

4 

BeF  2  ao  17. 
ThF2  27  aoll 

4 

Total  Cost  CM$1 

4,867 

6,300 

11,400 

(Direct  &  Indirect) 


because  the  deuter lum-deuter lum  fuel  cycle  does  not 
necessitate  tritium  breeding. 


He  1 i u*-Cooled  Molten-Salt  Fusion  Breeder  C  2 1 

The  helium-cooled  molten-salt  fusion  breeder  is 
currently  under  investigation  by  R.  W.  Moir  and 
associates  at  Lawrence  Livermore  National  Laboratory. 
The  breeding  material  utilized  is  a  mixture  of  70  mol% 
LiF,  12  mol%  BeFa  and  18  mol%  ThF«.  This  molten  salt 
breeding  material  is  circulated  through  the  blanket  to 
an  online  processing  system  where  the  tritium  and 
uranium  are  removed  (see  Figures  l-l  and  1-2). 

Fission  is  suppressed  by  using  beryllium  spheres 
as  a  neutron  multiplier  (Figure  1-2)  and  minimizing  the 
fissile  content  in  the  blanket.  The  beryllium  spheres 
are  approximately  1  cm  in  diameter  and  flow  through  the 
blanket.  A  yearly  replacement  rate  of  about  20%  is 
used  to  prevent  swelling  and  cracking.  The  entire 
blanket  is  cooled  with  high  pressure  (5  (MPai)  helium. 


Dram  tub**  for  boryfMum  potototo* 


Figure  1-1:  One  module  of  a  helium-cooled  molten-salt 
blanket.  Helium  under  5-MPa  pressure  flows  from  the  rear 
most  ring  header  to  the  apex  of  each  pod,  then  radially 
outward  through  the  blanket  to  the  forward  ring  header, 
and  thence  to  heat  exchangers  for  generating  electricity 
121 . 


The  catalyzed  deuter lum-deuterlum  fuel  cycle 
utilizes  only  deuterium,  *H,  as  the  input  fuel,  thereby 
eliminating  the  requirements  for  tritium  breeding.  The 
tritium  and  helium-3  produced  by  the  deuterium- 
deuterium  reactions  are  recycled  into  the  reaction 
chamber  and  also  react  with  deuterium. 

This  fuel  cycle  has  the  advantages  of  an  almost 
unlimited  supply  of  fuel,  no  requirement  for  tritium 
breeding,  and  a  lower  neutron  wall  loading  than  the 
deuterium-tritium  fuel  cycle.  Disadvantages  to  this 
fuel  cycle  include:  maintaining  the  plasma  at  a  higher 
relative  temperature  <30  CkeVl  versus  10  [keV]  for  a  D- 
T  plasma);  a  lower  power  output  than  a  D-T  system  for  a 
given  reactor  size  and  magnetic  field;  and  the  addition 
of  hydrogen,  ‘Hi,  removal  requirements  in  the  exhaust 
and  impurity  control  system.  It  is  hoped  that  a  higher 
neutron  density  (fluence)  can  therefore  be  obtained, 
thereby  increasing  fissile  production. 

Neutron  Output 

The  neutrons  produced  by  the  D-D  reaction  are  born 
with  an  average  energy  of  2.45  CMeVl,  those  from  the  D- 


Jk 


T  reaction  at  14.1  CMeV],  and  those  from  the  T-T 
reaction  at  5.04  CMeV]  each.  All  neutrons  will  need  to 
be  thermal ized  in  the  first  wal 1 /moderator  region  of 
the  blanket  to  increase  the  conversion  efficiency  and 
decrease  the  fission  rate. 


Crit ical . Issues 


If  the  D-D  fuel  cycle  is  to  be  employed  rather 
than  the  D-T  fuel  cycle,  the  confinement  and  plasma 
heating  requirements  will  be  more  stringent.  Comparing 
the  Wildcat  [41  and  Starflre  £51  values  for  <n**>,  2.7 
x  102‘  is/m*]  and  2.9  x  10*°  Cs/m1]  respectively,  it 
can  be  seen  that  the  D-D  system  requires  an  order  of 
magnitude  better  confinement  than  the  D-T  system. 

These  values  are  based  on  an  operating  temperature  of 
about  30  IkeVl  for  the  D-D  system,  which  appears  to  be 
optimum  from  power  balance  calculations. 

The  higher  operating  temperature  necessitates  high 
efficiency  plasma  heating  systems,  as  well  as  good 
confinement.  Additional  requirements  for  efficient 
impurity  control  are  also  necessary  to  minimize  the 
radiated  energy. 


1.2.2. 


The  fusion  core  adopted  for  this  study  is  based  on 
a  concept  proposed  by  Y-K.  M.  Peng  161.  Figure  1-4 
illustrates  the  cross-sectional  design  of  a  proposed 
spherical  torus,  including  placement  of  the  toroidal 
and  poloidal  field  coils.  The  concept  utilizes  a  small 
aspect  ratio  torus  and  normal  toroidal  field  coils  to 
achieve  a  compact  reactor.  Compactness  is  enhanced  by 
leaving  only  a  cooled  normal  conductor  in  the  center  of 
the  device  to  carry  current  for  the  toroidal  field 
coils.  The  result  is  a  device  with  a  very  low  aspect 
ratio,  normally  between  1.5  and  2.0,  high  beta,  and 
relatively  low  field  requirements.  The  device  does  not 
employ  an  ohmic-heating  solenoid,  therefore  requiring 
non-inductive  current  drive  techniques.  Generally,  a 
simple  set  of  dipole  coils  is  employed  for  the  poloidal 
field  system  and  a  natural  plasma  elongation  as 
indicated  by  MHD  analysis  171,  is  assumed. 

The  spherical  torus  offers  several  potential 
advantages  for  the  catalyzed  D-D  hybrid  system. 

Because  of  its  small  size  and  low  aspect  ratio,  the 
neutron  flux  at  first  wall  is  much  higher  than  that  of 
a  conventional  tokamak  of  equivalent  total  power.  This 


offers  the  potential  of  more  cost  effective  breeding  in 
the  blanket  due  to  the  need  for  less  inventory  of 
fertile  material  and  less  overall  structure.  This 


should  lead  to  a  lower  cost  per  fissile  atom  and, 
therefore,  a  lower  cost  of  electricity  for  the  total 
system.  This  will  be  further  investigated  later  in 
this  study. 

The  magnet  requirements  are  reduced  in  the 
spherical  torus  due  to  compact  size  and  the 
paramagnetic  effect.  This  lowers  cost  in  terms  of 
reduced  resistive  losses  and  capital  expenditure  for 
the  coils  and  power  supplies,  assuming  resistive  coils 
are  used. 


1.2.3.  flgyc<?u§  §gU-C99lgfl  BUnKet 

The  blanket  adopted  for  this  study  was  proposed  by 
D.  Steiner  and  associates  at  Rensselaer  Polytechnic 
Institute  £81.  The  concept  is  unique  in  that  the 
breeding  and  coolant  functions  of  the  blanket  are 
combined  into  one  single  component.  Breeding  is 
achieved  by  neutron  interactions  with  compounds 
dissolved  in  the  coolant.  Neutron  multiplication  is 
provided  by  the  first  wall  and  blanket  structural 
materials  and  by  the  heavy  water  coolant. 


Due  to  the  elimination  of  additional  neutron 


multipliers  in  the  blanket*  structural  materials  with 
low  neutron  absorption  must  be  chosen.  Zircaloy  was 
chosen  as  the  structural  material  because  of  its  low 
absorption  cross-section  and  extensive  fission  reactor 
database . 

By  employing  the  aqueous  self-cooled  blanket 
concept*  the  amount  of  structural  material  in  the 
blanket  can  be  reduced  to  approximately  5%.  A 
simplified  on-line  plutonium  extraction  process  can  be 
employed  because  the  uranium  is  already  in  aqueous 
solut ion. 


1.3.  Scope  and  Method  of  Analysis 

The  basic  systems  of  the  proposed  fusion  hybrid 
breeder  reactor  were  evaluated  during  this  research. 

The  evaluation  included  modeling  of  the  plasma  and 
reaction  rates*  plasma  power  balance  and  particle 
confinement*  magnet  systems  design,  materials,  and 
power  losses;  impurity  control*  first  wail,  blanket, 
and  shield  design  and  neutronic  analysis*  and  reactor 
cost  and  cost  of  the  bred  fissile  material. 

Plasma  modeling  and  reaction  rate  determination  is 


detailed  in  Chapter  2.  A  parametric  design  space  study 
was  conducted  limiting  the  plasma  current  and  minimum 
fusion  power.  The  computer  code  listed  in  Appendix  B 
was  used  for  this  part  of  the  study. 

The  plasma  power  balance  for  the  design  space 
determined  above  was  calculated  using  the  methods  given 
in  Chapter  3.  A  particular  particle  confinement 
scaling  was  not  used,  rather,  a  comparison  of  presently 
available  scalings  was  conducted. 

Design  and  losses  of  the  toroidal  field,  poloidal 
field,  and  current  drive  systems  is  elucidated  in 
Chapter  4.  Detailed  loss  and  design  analysis  is 
performed  for  the  normal  coll  option,  but  a 
superconducting  option  is  also  considered  in  a  brief 
and  qualitative  manner.  The  physics  of  the  oscillating 
field  current  drive  is  given  briefly  and  the  resultant 
equations  for  power  requirements  stated. 

Impurity  control  options  are  considered 
qualitatively  in  Chapter  5.  Limiter  and  divertor 
systems  for  the  spherical  torus  are  considered  and  then 
compared.  A  detailed  analysis  of  both  options  is  being 
conducted  independently  of  this  study  and  additional 
consideration  of  Impurity  control  is  beyond  this 
study's  scope. 
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Blanket  design  and  neutronics  were  given  detailed 
analysis,  which  is  presented  in  Chapter  6.  Neutronics 
analysis  was  performed  using  the  discrete  neutron 
transport  code  ONEDANT  (91  on  the  Magnetic  Fusion 
Engineering  (MFE)  Computer  System.  Stress  analysis  of 
the  first  wall  and  blanket  was  considered  beyond  the 
scope  of  this  study  and  not  performed  here.  Lifetime 
analysis  of  the  first  wall  blanket  shield  (FBS)  module 
was  based  on  previous  work  done  for  WILDCAT  and  other 
studies. 

Cost  analysis  is  based  on  the  cost  model  [101  used 
in  the  reversed  field  pinch  compact  reactor 
<RFPCF/TITAN)  study  with  fissile  costing  based  on 
methods  used  in  the  previous  design  studies  indicated 
in  the  previous  subsection.  The  equations  used  and 
power  flow  model  considered  are  given  in  Chapter  7. 

In  Chapter  8,  the  results  of  this  design  study  are 
presented  and  compared  with  those  of  the  previous 
studies.  Conclusions  and  future  work  required  are 
summarized  in  Chapter  9. 


The  steady-state  reaction  rates  for  the  catalyzed 
deuterium-deuterium  (D-D)  fuel  cycle  in  the  spherical 
torus  will  be  derived  in  this  chapter.  To  accomplish 


this,  the  particle  and  temperature  profiles  will  be 
developed,  as  well  as  an  expression  for  the  power 
density.  Then,  the  total  average  particle  density  and 
plasma  beta  for  the  spherical  torus  will  be  determined. 
Additionally,  the  topic  of  paramagnetism  will  be 
discussed. 

With  this  background,  the  reactions  of  interest  will 
be  presented,  the  rate  equations  will  be  developed,  and 
finally  the  steady  state  densities  for  these  equations 
will  be  determined.  These  equations  are  then  benchmarked 
against  the  results  presented  in  WILDCAT  [4]  and 
parametric  design  space  results  from  this  study  are 
presented . 

2.1.  Prof  Hem  and  Power  Density 

Based  on  the  approaches  used  by  STARFIRE  [5],  a 
commercial  D-T  tokamak  study,  and  WILDCAT  [41,  a 
commercial  D-D  tokamak  study,  a  cylindrical  profile  model 
was  assumed  for  the  temperature  and  particle  profiles. 
This  yields  the  following  equations  as  a  function  of  r. 


the  distance  from  the  center  of  the  plasma: 


n(r)  =  n  <1  +  <x,)tl  -  <r/a)2] 


12.1.11 


T<r )  =  T  <  1  +  <Xt>C  1  -  <r/a)*l 


C2.1.2] 


where , 


“  -  Ln 


<f)  dV/V 


[2.1.31 


T  =  T<*>  dV/V 


[2.1.41 


and  n  is  the  average  particle  density,  T  is  the  average 
plasma  temperature,  atn  and  aT  are  constants  to  be 

* 

determined  by  experimental  or  theoretical  means,  and  a  is 
the  effective  minor  radius,  given  by: 


a  =  [a  cost©  +  d  sin9)  +  X  a  sin  0]°-8  d© 


[2.1.51 


where  a  is  the  minor  radius  and  0  is  the  angle  between 
r  and  the  midplane  of  the  plasma,  as  illustrated  in 
Figure  2-1.  For  this  analysis,  the  values  chosen  in 
WILDCAT  [4], 


<Xn  =  <XT  =  0 . 7 


are  used.  Average  particle  densities  and  temperatures 
are  found  by  integrating  the  profiles  over  the  volume  of 
the  plasma. 
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where  P  is  the  radial  distance  from  the  center  of  the 


plasma . 

From  Dolan  fill,  the  following  expression  for  the 
reaction  rate  parameter  <irv>  is  obtained: 

< (rv >  =  10‘*  expCaiT'r  +  a*  +  a2T  +  a4T3  +  a*T4]  12.1.9] 


where  r,  and  ai  through  a«  are  constants  dependent  on  the 
reaction  species. 

As  will  be  shown  in  the  next  subsection,  profile 
factors  for  each  reaction  must  be  determined.  These 
profile  factors  are  defined  by: 


fy  m*<<rv>‘  dV  [2.1.101 

n,*<orv>‘.T  V 


The  fusion  power  for  each  reaction  is  then  given  by: 

P,  =  nlna<«rv>‘.TEf,fp‘V  12.1.111 


where  i  is  the  reaction,  <<rv>‘  _  is  the  reaction  rate 

@T 

parameter  at  the  average  plasma  temperature,  ni  and  n2 
are  the  volume  average  particle  densities  and,  in  cases 
where  the  reacting  particles  are  identical  nt  =  n2/2; 

Ef  is  the  energy  released  per  event  in  [MJ];  and  V  is 
the  plasma  volume.  The  total  fusion  power  is  just  the 
sum  of  the  individual  powers. 


Plasma  elongation,  X 


as  previously  stated,  is 


assumed  to  occur  naturally  in  the  spherical  torus,  with 
no  need  for  additional  shaping  fields.  Based  on  free¬ 
boundary  MHD  equilibrium  calculations,  Peng  and  Strickle 
[71  report  X  as  a  function  of  aspect  ratio,  A  =  R/a. 
These  calculations  are  shown  graphically  in  figure  2-2 
and  have  been  fitted  by  the  following  relation: 

X  =  2.277  -  0.  1949  A, 


which  is  valid  over  the  range  1.41  A  <  3.0. 

The  equilibrium  toroidal  plasma  current  is 
approximated  by  the  formula  [61: 


I„  [MAI 


5a  B.o  C,  (  1+X)Z 
2  q.  <  l-€>* 


[2.2.11 


where  Bto  is  the  vacuum  toroidal  field  on  axis,  €  =  1/A, 
q«  is  the  safety  factor  on  axis,  and  Ci  =  1.22  -  0.686. 

The  beta  limit  is  based  on  experimental  indications 


[71  and  is  approximated  by: 


enhanced  (paramagnetism).  Paramagnetism  occurs  when  the 
magnetic  field  associated  with  the  poloidal  component  of 
the  plasma  current  is  in  the  same  direction  as  the 


paramagnetism  factor  f.: 


f.  =  -19.297  -  111.69  A  +  406.53  Aa  -  477.56  A* 

+  265.6  A4  -  71.93  A'  +  7.66  A‘  C2.2.5) 

This  fit  is  valid  over  the  range  1.4  i  A  S  2.3. 


2.2.2.  Total  Average  Density 


The  total  volume  average  density  is  calculated  using 
the  volume  average  pressure  and  the  volume  average 
temperature.  The  maximum  value  of  the  volume  average 
pressure  is  given  by  equation  4.1.2  with  B*  =  B*.f.: 


<nT> 


fit 


2  p. 


12.2.6] 


where  n  is  the  total  plasma  density.  In  the  calculation 
procedure,  B«s,  Ac,  and  f.  are  specified.  Using  the 
profile  equations,  <nT>  can  also  be  written  as: 


<nT> 


-X_a<r?  IILjL  AY 
V 


[2.2.7] 


Thus,  the  total  volume  average  density,  n,  is  given  by: 


ntOTM. 


_ <cv>.T  V _ 

[  l+ou)  (  1+«t1T  f  [  l-<f/a)a]~«  dV 


C2.2.8] 


'-'A* 

.  -r. 


.v.v 


*  . 
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where  T,  the  average  plasma  temperature,  is  specified. 

For  convenience  in  further  equations,  the  average  density 
will  be  written  as  n,  omitting  the  bar. 


2.3.  Steady  State  Densities 

The  reactions  occurring  in  the  catalysed  D-D  fuel 
cycle  are  given  in  equations  2.3.1  through  2.3.5  along 
with  the  energy  produced  by  each  reaction  till. 


D  +  D  ->  *He  +  n  +  3.27  C2.3. 1 1 

D+D->T+p+  4.03  [2.3.21 

D  +  T  -  >  4He  +  n  +  17.59  [2.3.31 

D  +  JHe  ->  «He  +  p  +  18.3  [2.3.41 

T  +  T  ->  4He  +  n  +  n  +  11.3  (2.3.51 


The  cross  sections  for  the  above  reactions  are  shown 
in  Figure  2-3  over  the  temperature  range  of  interest  in 
this  study. 

The  rate  equations  for  these  reactions  are  given 
below.  All  densities  are  volume  average  densities. 

^  fooT<rv>.oT  -  nTnBf»T<rv>BT  -  ^TT<<rv>TT  (2.3.61 


TEMPERATURE  (keV) 


Figure  2-3:  Reaction  rate  <rv>  Cm’/sJ  versus  temperature 
ikeVl  for  the  reactions  of  interest  1113.  (1)  D+T  -> 
n+4He,  <  2 )  D+*He->H+4He ,  <3>  D+D->H+T,  (4)  T+T->4He  +  2n, 
<5)  T+aHe-Xvar  ious  products),  (6)  H+“B->3<4He ) .  The 
curve  for  D+D->*He+n  is  about  the  same  as  curve  (3). 


dt 


UJL. 
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f  DD3  (  ITV  y  0D3 


nDn*f di<*’V>d3  ■  rijRj 


[2.3.71 


dn. 

dt 


n0n3fB*<rv>B*  +  nsnTf  bt<o,v>Dt 
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Oil 
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fTT<«rV>TT 


-  R.n. 
[2.3.81 


dn. 

dt 


da! 

2 


f  bbt(  <TV  )bit 


+  nDnjf  oi<  (rv  >bi 


n»R, 


[2.3.91 


where  Rt  is  the  removal  coefficient  of  species  i>  given 
by: 


s  number  of  i  particles  removed  per  unit  time 
number  of  i  particles  present 


The  steady  state  density  of  each  species  is  then 
determined  by  setting  the  rate  equations  equal  to  zero. 
The  following  results  are  obtained: 


Qx  _  _ f bdt<  rv  >p»t _ 

ns  2fDT^e’v)sT  +  (nj/no)  fTT^rvln  +  2Rr/ns 

(2.3. 101 


da  _  f  dpi  <  ff  V  y  ana _ 

ns  2fgi[cv)Bi  +  2RT/nD 


[2.3.111 
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Qa.  _  n»fr 

nB 


12.3.13] 


To  calculate  no  we  invoke  charge  balance  and 
equation  2.2.8  for  the  total  density  to  obtain: 


2  +  2<Ql  +  ?*)  +  3<?*  +  ?*>  +  It  (Zt  +  1) 


no  Hd 


n9  nD 


[2.3. 14] 


where  z<  and  nt  are  the  charge  and  density  of  impurity 
species  assumed  to  be  present  in  the  plasma.  The  total 
average  particle  density  is  determined  as  previously 
described  and  then  no  is  determined  by  iteration  of 
equations  2.3.10  -  2.3.14. 


2.4. 


It  is  desirable  to  assess  the  validity  of  the 
methods  and  equations  used  in  the  code  prior  to  its 
application.  To  this  end,  the  code  (see  Appendix  B)  was 
benchmarked  against  the  WILDCAT  [4]  parameters.  Table  2-1 
The  results  of  this  benchmark  are  given  in  Table  2-2. 

It  appears  that  the  code  accurately  reproduces  the 
WILDCAT  results.  The  difference  in  densities  for 
Helium  4  are  noted  but  should  have  little  effect  on  the 
performance  and  reliability  of  the  code. 
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Table  2-1:  WILDCAT  Reference  Parameters 


Major  Radius,  R  (ml 

Aspect  Ratio,  A 

Peak  Toroidal  Field,  Btfc  C T ] 

Number  of  TF  Coils 

Plasma  Beta,  ft 

Plasma  Current,  IP 

Temperature  CkeVl 

Average  Electron 
Average  Ion 

Average  Densities  Cm-3] 

Proton 
Deuterium 
Tritium 
Helium  3 
Helium  4 
Electron 


8.58 

3.25 

14.35 

12 

f-vv 

0.11 

29.9 

30 

32 

1.2  x 

101’ 

1 _ 

w 

V.-. 

1.7  x 

1020 

>y- 

8.2  x 

10,T 

>■& 

1 .9  x 

10‘* 

5.0  x 

10,B 

2.5  x 

1020 

kZ 

Table  2-2:  Benchmark  Results  -  Steady  State  Particle 
Dens i t ies 


D 

1.7 

X 

iO20 

1.7 

X 

1020 

T 

8 . 2 

X 

10,T 

8 . 2 

X 

IO*7 

3He 

1  .9 

X 

IO1’ 

1.9 

X 

IO1’ 

4He 

5.0 

X 

10‘* 

5.4 

X 

10‘* 

P 

1  .  2 

X 

iO1* 

1.2 

X 

IO1’ 

e 

2.5 

X 

IO20 

2.5 

X 

1020 

V 

vV 


Typical  results  of  the  plasma  parameter  design  space 
analysis  are  shown  in  Table  2-3.  The  parameters  listed 
in  the  table  are  the  major  radius  (R),  minor  radius 
(r),  aspect  ratio  (A),  plasma  elongation  <K>,  magnetic 
field  on  axis  <B»>,  plasma  beta,  plasma  current  (I,), 
fusion  power  (P.u.),  and  total  density  (n.0*>.  The 
numbers  given  in  the  left-hand  column  are  reference 
numbers  and  apply  to  the  same  cases  throughout  the 
thesis  and  Appendix  A.  It  is  interesting  to  note  that 
in  all  cases  where  the  aspect  ratio  was  below  1.9, 
either  the  plasma  current  was  higher  than 
technologically  reasonable  075  tMAl)  or  the  fusion 
power  was  lower  than  economically  beneficial  (<600 
[MW]).  Cases  meeting  the  criteria  were  found  with 
aspect  ratios  between  1.9  and  2.3  and  major  radii 
between  5.0  and  8.0.  All  results  given  here  are  for  an 
average  temperature  of  30  CkeV). 


The  steady-state  reaction  rates  for  a  catalyzed  D-D 
Spherical  Torus  reactor  have  been  developed  and  verified 
against  reported  values.  A  reactor  design  space  has  been 


found  in  the  compact  spherical  torus  regime  with 
acceptable  plasma  currents  and  fusion  power.  The  issues 
of  magnet  requirements,  current  drive,  and  plasma 
temperature  maintenance  must  still  be  addressed  before 
this  design  space  can  be  considered  viable.  These  issues 
will  be  addressed  in  subsequent  chapters. 


It  is  necessary  to  address  the  plasma  power  balance 


in  other  words,  the  plasma  energy  losses  and  gains,  in 
order  to  determine  an  operating  temperature  and  the 
requirements  for  additional  plasma  heating.  Additional¬ 
ly,  the  amount  of  energy  transported  from  the  plasma  by 
charged  particles  is  important  when  considering  the 
impurity  control  system. 

In  steady-state  a  simple  power  balance  for  self- 
sustaining  plasma  is  obtained  from: 

Pcpfu.  +  P«u»  =  Ptoaa  =  Pfi*  +  Par 

where  P*p»„.  is  the  fusion  power  of  the  charged  daughter 
products  (which  can  be  calculated  using  the  procedure 
outlined  in  the  previous  chapter),  P.„,  is  the 
auxiliary  heating  power,  P»,  is  the  transport  loss 
associated  with  the  charged  particles  leaving  the 
plasma,  and  P,«*  is  the  power  lost  to  the  first  wall 
due  to  all  types  of  radiation. 

In  this  chapter  the  terms  of  the  power  balance  will 


be  examined  in  detail.  Various  confinement  scaling  laws 
will  also  be  examined  and,  finally,  the  results  of  this 
analysis  will  be  presented. 


The  auxiliary  power  is  the  additional  power  required 
to  sustain  the  plasma  temperature  at  steady-state.  This 
power  can  be  provided  by  a  number  of  different  sources: 
current  drive  power,  resistive  losses  in  the  plasma,  and 
additional  power  injected  into  the  plasma.  In  using  the 
power  balance  equation  for  figures  of  merit  the  auxiliary 
power  will  be  separated  into  the  following, 

P«u«  =  P.dO  +  Po  +  f  CdP  CD  [3.1.11 

where  P.d<  is  the  additional  power  required  to  maintain 
the  plasma  temperature,  Po  is  the  power  due  to  resistive 
losses  in  the  plasma,  fco  is  the  fraction  of  current 
drive  power  remaining  in  the  plasma,  and  Pen  is  the  power 
required  to  drive  the  plasma  current,  as  described  in  a 
subsequent  section  of  this  thesis.  The  fraction  of 
current  drive  power  remaining  in  the  plasma,  fco,  is 
assumed  to  be  approximately  unity  for  the  oscillating 
field  current  drive  and  this  value  will  be  used 
throughout  the  remainder  of  this  paper. 

The  plasma  energy  gain  factor,  Q,  is  defined  as: 


P.u. 


C  3 . 1.21 


This  Q  will  be  used  as  a  figure  of  merit  in  this  stud/ 
to  determine  the  desired  operating  temperature  and  also 
to  compare  the  various  scaling  laws.  A  large  value  of 
Q  is  desired  because  this  minimizes  the  power  that  must 
be  added  to  the  plasma. 


3.2. 


The  radiation  losses  from  the  plasma  are  associated 
with  the  electrons  and  are  due  mainly  to  two  types  of 
radiation:  bremmstrahlung  and  cyclotron.  Losses  due  to 
bremmstrahl ung  radiation  are  given  by: 


Pbr„  =  5.35*1 0*43  n.1  Z.„  T.0-8  V 


13.2.11 


where  n.  and  T.  are  the  electron  density  and  temperature, 
respectively,  and  Z.,,  is  the  effective  plasma  charge 
given  by: 


7  .  «  TliZt 2 

“  I. 
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Power  losses  from  the  plasma  due  to  cyclotron 
radiation  are  given  by  (111: 


P«y«  =  6.21*1 0-"  K,  n.  T.  B,.J  V  [  1  +  ...]  (3.2.21 


where  n.  and  T.  are  the  electron  density  and  temperature. 


i 


m 


B*.  is  the  magnetic  field  on  axis,  and  K«  is  the  fraction 
of  cyclotron  radiation  absorbed  in  the  first  wall, 
assuming  a  cylindrical  plasma  profile.  The  factor  K«  is 
a  function  of  T.  and  the  "plasma  depth",  D,  given  by: 

A 

3  - 2  a.  a - 

B*-*  m#-»  (l-d)07" 

A 

where  a  is  the  effective  plasma  radius. 


a  =  at  1+K*]'  /  2 


and  m  is  the  electrical  resistivity  of  the  first  wall. 
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Figure  3-1:  Fraction  of  cyclotron  radiation  lost 
from  the  plasma(a),  as  a  function  of  temperature  and 
plasma  depth,  and  electrical  res i st i v i t ies (b)  for 
various  metals  as  a  function  of  first  wall  temperature 
[111. 


Values  for  K«  and  «  are  shown  in  Figures  3-la  and  3-lb 
respect i vely. 


3.3.  Transport  Losses 

Transport  losses  from  the  plasma  can  be  written 
based  on  the  global  energy  confinement  time  as: 

p.,=  J  av  =  |  U ±X*Lli >  *v  t3>3>  !  j 

which  can  be  rewritten  using  the  plasma  pressure  balance 
as : 


P  -3.  .  y  r  o  O  O  1 

Pt'  "  2  2p.  *V  £3.3.21 

where  1*  is  the  global  energy  confinement  time.  For  this 
part  of  the  study  an  elliptical  plasma  cross  section  is 
used  to  simplify  calculations.  This  results  in  a 
global  confinement  time  given  by: 

=  ^  £3.3.31 

where  X«  is  the  total  effective  diffusivity,  and  a  is  the 
effective  plasma  size. 


The  total  effective  diffusivity  is  defined  as  t!21 


X«  =  (X, 


X  [ — 
**T, 1  1 


+  T./Ti 


[3.3.4] 


where  X.  and  Xi  are  the  electron  and  ion  thermal 
dif fusivities  given  by  the  various  scaling  laws. 


3.3.1.  Scaling  Laws 


Ion  Confinement 

In  nearly  all  current  tokamak  experiments  the 
observed  ion  confinement  time  is  generally  consistent 
with  the  predictions  of  neoclassical  theory  for  the 
entire  range  of  ion  col  1 isional ity .  The  magnitude  of  the 
transport  rates  are  within  a  factor  of  one  to  four  of  the 
neoclassical  value  with  the  mean  being  about  two.  The 
ion  thermal  diffusivity  can  thus  be  written 

X,  =  f,X,CH  [3.3.51 

where  ft  is  the  enhancement  factor,  and  XiCM  is  the 
neoclassical  ion  thermal  diffusivity  as  described  by 
Chang  and  Hinton  113].  The  neoclassical  ion  thermal 
diffusivity  for  low  col  1  i s i onal i ty  is  given  by: 

X,CM  =  6.5*10-”  Ka*  A‘-a  "ft"  C3.3.6) 


where 


Ki*  =  (0.66  +  1.88  A'0-8  -  1.54  A*)*(l  +  1.5  A'2) 
accounts  for  the  effect  of  finite  aspect  ratio. 

To  be  absolutely  correct  a  term  for  the  ripple 
should  be  added  to  equation  3.3.6  if  the  magnitude  of  the 
toroidal  ripple  is  large,  i.e.  >1-2%  at  the  plasma  edge. 
The  ripple  contribution  to  the  ion  diffusivity  is  of  the 
form 


%  S' -8  Ti3-8, 


where  S  is  the  magnitude  of  the  field  ripple  (peak  to 
average).  For  the  design  space  of  interest  in  this  study 
ripple  losses  are  assumed  to  be  small  and  have  been 
neglected . 


Electron  Confinement 


Various  empirical  and  semi-empirical  scaling  laws 
for  the  electron  confinement  time  or  thermal  diffusivity 
have  been  proposed  for  tokamak  plasmas  with  ohmic  and 
strong  auxiliary  auxiliary  heating.  Results  from  almost 
all  of  the  experiments  conducted  Indicate  that  the 
confinement  properties  of  ohmically  heated  plasmas  are 


degraded  when  auxiliary  heating  is  applied.  The 
auxiliary  heated  regime  has  further  been  shown  to  have 
two  confinement  modes;  an  L-mode  which  is  characterized 
by  very  poor  confinement,  and  an  H-mode  with  confinement 
being  about  twice  that  of  L-mode.  The  mode  in  which  the 
plasma  operates  <H-  or  L-)  is  a  complex  function  of 
geometry,  type  and  amount  of  auxiliary  heating,  and 
plasma  and  impurity  density  [141  and  as  such  is  beyond 
the  scope  of  this  thesis.  In  this  study  it  will  be 
assumed  that  conditions  can  be  created  such  that 
auxiliary  heated  plasmas  can  be  modeled  using  H-mode 
seal ings . 

In  ohmically  heated  plasmas  the  neo-alcator  scaling 
has  been  shown  to  provide  a  reasonable  fit  to  all 
available  tokamak  data  [151.  The  expression  for  the 
thermal  diffusivity  is 

* 

X«.  =  4.68*1  020  - —  [3.3.71 

n.  R*  q 

where  a  is  the  effective  plasma  radius  as  previously 
defined,  R  is  the  major  radius,  and  q  is  the  safety 
factor  at  the  plasma  edge. 

Another  scaling  law  for  ohmically  heated  plasmas  was 
proposed  by  Pfeiffer  and  Waltz  [161  an  can  be  expressed 
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X./"  =  5.95*10* 


[3.3.81 


This  scaling  is  very  close  to  Neo-Alcator  in  non-ignited 
devices,  but  extrapolates  to  ignited  devices  with  a  much 
different  result. 

While  the  confinement  data  for  ohmic  heated  plasmas 
is  fairly  large,  the  data  base  for  auxiliary  heated 
plasmas  is  much  smaller,  with  most  of  the  data  being  for 
neutral  beam  heating.  The  scaling  studies  that  have  been 
carried  out  are  mostly  fits  to  individual  sets  of  data 
and  may  not  be  valid  when  extrapolated  to  the  devices 
under  consideration  in  this  study. 

The  scaling  presented  by  Garbunov,  Mirnov,  and 
Strelkow,  commonly  called  modified-GMS  or  Mirnov 
scaling,  is  one  exception  to  this.  A  simplified  form 
of  this  H-mode  scaling  is  given  by 


=  0.96 


13.3.91 


where  If  is  the  plasma  current  [MAI.  Confinement 
improves  with  plasma  current  and  GMS  scaling  thus 
predicts  favorable  confinement  at  low  aspect  ratio. 

Goldston  and  Kaye  [17]  presented  another  empirical 


BBS 


m 


m 


neutral  bean  scaling,  the  H-mode  form  of  which  is  given 
by 


Xt.”  =  150 


B..1'78  TO.M  al 


Ip2-”  A2- 8 
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where  T  is  the  average  electron  temperature  in  keV,  Ip  is 
the  plasma  current  [MAI,  B«.  is  the  toroidal  field  on 
axis  C T 1 ,  a  is  the  plasma  minor  radius  [ml,  X  is  the 
elongation,  and  A  is  the  aspect  ratio. 

The  ASDEX  group  presented  a  semi-empirical  scaling 
based  on  their  auxiliary  heated  confinement  data  in  H- 
mode .  This  is  given  as 


W0" 


5.93 


a2 

Ip  R  A,0-8 


[3.2.111 


where  At  is  the  effective  atomic  mass  number  of  the  ions. 

Without  further  study  and  a  large  data  base  on 
compact  high  current  reactors,  one  scaling  law  cannot  be 
chosen  over  another.  We  will  therefore  endeavor  to 
compare  the  effects  of  the  various  scalings  on  the 
parameters  of  interest  rather  than  judging  the  merits  of 
the  confinement  scalings. 


IP  rut/p  ouxj 


1 
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3.4.  Typical  Results  and  Examples 

The  effects  of  temperature  and  the  various  scaling 
laws  on  the  plasma  power  gain,  Q,  and  the  required 
auxiliary  power  are  shown  in  Figures  3-2  and  3-3. 

These  figures  are  for  a  fixed  aspect  ratio,  major 
radius,  and  magnetic  field.  The  wide  variational 
effects  of  the  confinement  scalings  can  also  be  readily 
seen  from  the  figures. 
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Figure  3-2:  Effects  of  temperature  on  the  plasma 
power  gain  for  various  particle  confinement  scaling 
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Figure  3-3:  Effect  of  temperature  on  the  fusion 
power  and  auxiliary  power  for  various  particle 
confinement  scalings. 

Typical  results  of  the  charged  particle  power, 
bremmstrahlung  losses,  auxiliary  power,  plasma  gain, 
energy  confinement  time,  and  transport  power  for  the 
various  scaling  laws  are  given  in  Table  3-1.  A 
temperature  of  30  CkeVl  is  used  throughout  the  table 
Negative  numbers  in  the  table  for  P.«.  indicate  that 
auxiliary  power  is  needed  to  sustain  the  plasma,  i.e 
the  fusion  power  is  greater  than  the  power  loss  from 
the  plasma.  In  the  calculation  of  P.».,  however,  the 
presence  of  Impurity  ions  has  not  been  considered. 
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Table  3-1:  Typical  Results  for  Power  Balance 
Calculations 
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The  equations  governing  the  plasma  power  balance 
have  been  derived  and  the  effects  of  temperature  on  the 
power  requirements  determined.  An  optimum  operating 
temperature  of  30  CkeVJ  has  been  chosen  based  on  the 
effects  of  plasma  gain.  A  design  space  exists  where 
plasmas  close  to  ignition  have  been  found. 

The  required  auxiliary  heating  calculated  in  this 
study  assumes  no  impurity  ions  are  present  in  the 
plasma,  which  invariably  will  not  be  the  case. 
Additionally,  assuming  unity  for  the  fraction  of 
current  drive  power  remaining  in  the  plasma  is  overly 
optimistic.  It  is  apparent  that  confinement  scaling  on 


experimentation  and  careful  data  analysis. 


the  order  of  Mirnov  or  ASDEX  scaling  is  desired; 
however,  this  question  will  only  be  answered  by 


w's'vw: 


The  reactor  power  balance  will  be  considered  in  this 
chapter  as  it  pertains  to  losses  in  the  poloidal  and 
toroidal  field  coils  and  the  current  drive  system.  Due 
to  the  necessity  to  maintain  high  plasma  densities  and 
large  plasma  currents,  a  considerable  amount  of  power  is 
required  by  the  current  drive  and  the  toroidal  and 
poloidal  field  coils.  It  is  necessary  to  determine  the 
losses  in  these  systems  in  order  to  evaluate  the  power 
and  coolant  requirements  for  these  systems. 

The  magnet  systems  for  the  D-D  Spherical  Torus 
Hybrid  Breeder  are  first  considered  to  be  normal 
resistive  copper  coils  with  water  coolant.  A  packing 
fraction  of  90%  is  assumed  for  both  poloidal  and 
toroidal  field  coils.  Figure  4-1  illustrates  the  basic 
design  and  positions  of  the  toroidal  and  poloidal  field 
coils.  An  important  issue  in  this  analysis  is  whether 
the  coil  losses  can  be  kept  low  enough  to  be 
economically  and  technologically  feasible. 

This  chapter  is  divided  into  analyses  of  the  major 
systems:  toroidal  field  <TF>  coils,  poloidal  field  (PF) 

coils,  and  current  drive.  Superconducting  poloidal  and 
pol o idal / toro idal  options  are  then  considered  as  well. 


An  analysis  of  results  and  conclusions  about  the  TF  and 
PF  systems  closes  the  chapter. 


4.1.  Toroidal  Field  Coils 

In  this  design  the  center  conductor  post  carries  the 
entire  current,  I.,  required  to  produce  the  toroidal 
magnetic  field.  In  each  toroidal  field  coil  CTFC)  return 
leg,  a  power  supply  drives  the  necessary  current  given  by 
Io/N;  this  total  current  meets  at  the  center  conductor 
post  which  carries  the  total  current  which  is  then  again 
distributed  to  each  TFC  return  leg  as  I»/N.  The  endplate 
conductors  allow  for  more  contact  area  at  the  endplate- 
to-TFC-return-leg  junction  by  virtue  of  the  larger 
circumference.  This  in  turn  allows  a  larger  number  of 
TFC  return  legs,  N,  and  reduced  cost  of  the  TFC  return 
leg  conductors,  since  additional  machining  of  the 
return  legs  <ie.  flaring  the  ends)  is  not  required.  An 
additional  advantage  of  increasing  N  is  increased 


plasma  stability  due  to  minimized  toroidal  ripple. 
For  the  toroidal  geometry,  it  is  known  that: 


and  therefore: 


,  _  2wRBt 


[4.1.1] 


In  order  to  determine  the  viability  of  normal  coils, 
an  analysis  of  the  resistive  losses  in  the  TFC  return 
legs  is  now  undertaken.  The  resistance  of  each  return 
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leg,  RoTrc,  is  given  by: 
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with  >cu  being  the  resistivity  of  copper;  the  length  of 
the  TFC  return  leg  being: 


-  w  C! 


[4.1.31 
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where 


a»  =  Ka  +  0.1a  +  Whs*  +  Wtrc 


[4.1.4] 


bi  —  a  +  0.1a  +  Wmm  +  Wt 


[4. 1.51 


[4. 1.6] 


w  i  th  Ww««  and  Wire  being  the  thickness  of  the  outer 
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first  wall,  blanket,  and  shield,  and  the  thickness  of 
the  toroidal  field  coils,  respectively. 

Since  each  TFC  return  leg  carries  I„/N,  the  resistive 
losses  in  each  leg  are  given  by: 


PoTrc(one  leg)  =  <**>*RflTrc 


for  a  total  loss  in  N  legs  of: 


[4.1.7] 


N 


[4.1.8] 


For  resistive  losses  in  the  end  plates  which  have 
the  same  half  thickness  as  the  TFC  return  legs,  the 
incremental  conductor  carries  a  current  of  I  and  has  a 
resistance  of  RoD,,Kf  yielding  a  resistive  loss  of 
I2Ro0,,,c  which,  when  integrated  over  the  entire  end  plate 
conductor  yields: 


2lfWrrc 


[4.1.9] 


where  R<*  is  the  radius  of  the  center  post  and  R»i«k  is 
the  radius  of  the  disk: 


=  N*Wrrc 
2ft 


[4.1. 101 


Since  there  are  two  plates,  the  total  resistive  losses 
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are  given  by: 


Popl*tes  =  (in  R  -  In  Rc)  14.1.11] 

ITWtfc 

In  the  analysis  of  the  center  conductor  post,  the 
maximum  allowable  center  post  radius  was  determined  by 
the  geometry  of  the  plasma.  Specifically: 

R  =  Rcp  +  W«,‘  +  1  .  la  [4.1.121 

where  W„.‘  is  the  thickness  of  the  inner  first  wall  and 
shield.  For  a  given  value  of  the  major  and  minor  radii 
from  the  plasma  parameters,  RCp  can  be  calculated  easily. 

Peng  [6]  presents  an  expression  for  Rcr  that  is 
based  on  the  center  conductor  post  current  density,  Jc, 
and  required  BT: 

Rcp  =  rc  +  Ere*  +  2<a  +  0.  la  +  WM,)rc]°-s  [4.1.131 


where , 


rc  s  [4.1.141 

PoJc 

Note  that  here  Peng's  expression  for  Rcp  was  modified  to 
conform  to  the  geometry  of  our  design  which  proposes  an 
inboard  shield,  W».‘ . 

The  physical  radius  of  the  center  conductor  post. 


Rcp,  is  related  to  the  current-carrying  radius  by: 


o  -  Ettl 
R"  -  F, 


[4.1. 151 


where  Fp  is  the  packing  fraction,  and  Rcp°  is  the 
required  center  post  radius  in  the  absence  of  coolant 
channels.  The  value  of  Rcp°  is  used  to  evaluate  the 
center  conductor  post  current,  Jc  as  follows: 


IT  (  R°cp  )  2 


[4.1.161 


In  this  analysis,  the  maximum  physically  allowable 
value  of  Rcp  is  chosen  and  compared  with  a  computation  of 
Rcp  based  on  Peng’s  equations.  For  all  cases,  the  chosen 
value  for  Rcp  was  greater  than  that  given  by  Peng,  which 
is  taken  as  a  required  minimum. 

The  resistive  losses  in  the  center  conductor  are 
easily  determined  by  computing  the  resistance  of  the 
post : 


-  fcuZ 
~  ir<Rcp°>* 


[4.1.17] 


and. 


Z  •  2<  K  +  0.  1  )a  +2Whm  +  2Wtpc 


[4.1.18] 
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w  (  R°cp  ) 2 


=  IoJcJcuZ 


[4.1. 19] 


4.2. 


The  role  of  the  poloidal  field  coils  (PFC)  is  to 
provide  the  necessary  vertical  field  to  maintain  the 
plasma  equilibrium.  Therefore,  the  force  on  the  plasma 
from  the  field  created  by  the  PFC  must  balance  the 
force  created  by  the  plasma  current.  The  poloidal 
field.  Bp,  will  scale  directly  with  the  plasma  current. 
Ip.  An  analysis  of  the  position  and  the  field  required 
based  on  MHD  equilibrium  [7]  indicates  that  coils 
placed  at  a  distance  three  times  the  minor  radius  from 
the  plasma  and  a  distance  equal  to  the  minor  radius 
from  the  midplane  will  provide  the  required  force 
balance.  The  current  required  in  each  coil  is: 


I  ppc  =  0.3  1 1 


[4.2.11 


Again,  in  order  to  determine  the  viability  of  normal 
coils,  the  resistive  losses  for  the  coils  are  calculated 
from  the  relation: 
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wJi  njt  Rjf  ."J ,-j 

VO 


^5* 


Pa"c  =  I  TrclRo*rc  =  Irre2^uil  rrs  [4.2.2] 

Aprc 

where  Po”-0  is  the  ohmic  (resistive)  losses,  Iwc  is  the 
current  through  the  coil,  JVre  is  the  resistance  of  the 
coil,  feu  is  the  resistivity  of  the  coil  material,  lprC 
is  the  length  of  the  coil  (Irrc  =  6ira),  and  Aprc  is  the 
coil  cross  sectional  area. 

4.3.  Current  Drive 

A  major  part  of  the  overall  reactor  power  balance  is 
the  power  required  to  drive  the  plasma  current.  In  this 
study  we  will  use  an  oscillating  field  current  drive 
<OFCD  OR  F-6  pumping)  for  current  maintenance  at  steady 
state,  and  another  non-inductive  system,  i.e.  neutral  beam 
injection,  will  be  used  for  ramp-up.  The  concept  of 
oscillating  field  current  drive  is  currently  being 
applied  to  the  reverse-field  pinch  (RFP)  and  spheromak 
configurations  [10].  Use  of  OFCD  in  tokamaks  has  been 
proposed  and  efficiencies  similar  to  those  in  the  RFP 
are  expected  for  the  spherical  torus  C 1 9 1 .  A  high 
efficiency  current  drive  system  is  important  because  of 
the  high  plasma  currents  characteristic  of  the 
spherical  torus.  An  estimate  will  be  made  of  the  power 
drawn  for  the  reactor  regime  of  interest  in  this  study. 
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Oscillating  field  current  drive  works  by  imposing  an 
appropriately  phased  oscillating  field  upon  the  static 
fields  of  both  the  toroidal  and  poloidal  systems.  Most 
of  the  apparent  power  in  this  current  drive  system  is 
reactive  power  and  the  amount  of  real  power  consumed  is  a 
complex  function  of  the  materials  between  the  magnets  and 
plasma,  the  power  supply  details,  and  the  plasma 
currents.  A  rigorous  estimation  of  this  real  power  would 
require  a  fairly  complete  conceptual  design  for  each 
configuration  considered  and  is  beyond  the  scope  of  this 
study . 

The  reactive  power  in  the  system  is  the  power  that 
is  generated  by  oscillating  the  poloidal  and  toroidal 
fields.  This  reactive  power  can  be  estimated  by  [181: 

P««ACTIV*  =  V ETRL  (®^)  [  B*o4  +  Bpo4  ]  0,8  [4.3.11 

where  Vctm.  is  the  volume  over  which  this  energy  is 
distributed  and  may  be  approximated  by  that  volume 
enclosed  by  the  TFC  return  legs,  B*.  and  B,.  are  the 
toroidal  and  poloidal  fields  on  axis,  p.  is  the 
permeability  of  free  space,  «•  is  the  frequency  of 
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The  volume  over  which  this  energy  is  distributed, 
Vktrl,  may  seem  to  underestimate  the  energy  required  to 
oscillate  the  poloidal  field,  however,  this  model 
significantly  overstates  the  power  required  to 
oscillate  the  toroidal  field  which  has  been  assumed  to 
be  the  paramagnetic  field  on  axis  but  actually  has  a 
1/r  dependence  in  the  blanket  and  shield.  It  is  hoped 
that  these  two  estimations  tend  to  offset  each  other. 

There  are  limits  on  the  frequency  of  oscillation, 
m,  first,  so  that  the  plasma  appears  as  a  perfect 
conductor,  i.e.  »»*«■*,  where  is  the  characteristic 
decay  time  of  the  toroidal  plasma  current;  and,  second, 
to  allow  for  penetration  of  the  oscillating  magnetic 
field  into  the  plasma  interior,  where  *T  is  the 

tearing  time.  To  minimize  the  static  to  oscillating 
flux  ratio,  6,  and  therefore  the  adverse  effects  on 
particle  confinement,  it  is  desirable  to  set  w  at  it's 
upper  limit,  The  usual  expression  for  the 

tearing  time,  *T,  is 


(4.3.21 


where  is  the  alfven  time. 


=  <M.*>0-8/ B, 


(4.3.31 
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and  P  is  the  mass  density  of  the  plasma.  Now  we  can 
express  the  ratio  of  static  to  oscillating  fluxes  as: 

6*  =  [4.3.41. 


An  idea  of  the  relative  magnitudes  of  power  for  each 
configuration  can  be  obtained  by  assuming  that  the  real 
power  is  some  constant  fraction  of  the  reactive  power  for 
each  device.  This  should  provide  a  reasonable  basis  for 
comparison  because  we  are  comparing  devices  with 
generally  the  same  configuration.  There  is  no 
justification  for  choosing  a  specific  fraction  without 
detailed  studies  or  empirical  data,  however,  a  fraction 
of  real  to  reactive  power,  fco,  of  0.15  to  0.25  seems 
reasonable  and  yields  total  powers  somewhat  smaller 
than  those  typical  for  RF  current  drive  systems 
currently  being  studied. 

The  current  drive  power  can  now  be  estimated  by: 

Pco  *  fco  VeT.L  <***>  [  B,o4  +  BP.4 1 09  [4.3.51. 

P® 

This  yields  current  drive  efficiencies  of  about  0.25 
[A/W3  for  typical  A=3  devices  with  frequencies  of  2  Hz 
and  S  %  1.3%.  At  low  aspect  ratios  the  current  drive 


X' 


efficiency  improves  to  about  i  [ A / W ]  due  to  the  lower 
stored  energy  in  the  toroidal  field,  w  and  6  are  also 
reduced  at  lower  aspect  ratios. 


If  the  losses  in  the  normal  resistive  coils  are  too 
great,  superconducting  coils  will  have  to  be  considered. 
Based  on  the  neutronics  analysis  conducted, 
superconducting  poloidal  field  coils  should  be  able  to  be 
employed  without  additional  shielding. 

To  use  superconducting  magnets  for  the  toroidal 
field  coils,  additional  shielding  will  be  required  on  the 
inboard  side  of  the  plasma  and  the  outboard  shield  must 
be  modified.  Neutronics  analysis  indicates  that 
approximately  50  Icml  of  90  vol*  tungsten,  10  vol%  heavy 
water  will  provide  the  necessary  attenuation  for  the 
designs  of  interest  in  this  study. 


Parameters  for  the  normal  coils,  as  previously 
discussed,  and  results  from  the  analysis  of  the  normal 
coil  losses  are  given  by  component  in  Table  4-1. 

Losses  for  the  poloidal  field  coils  range  from  about 


500  t MW  1  to  over  1200  [MW]  for  the  design  space  under 
consideration.  The  toroidal  field  coil  losses  for  the 


same  design  space  vary  from  3000  [MW]  to  over  14000 
[MW]  with  most  of  the  loss  being  in  the  center  post. 
This  results  in  total  losses  ranging  from  3700  [MW]  to 
15000  [MW],  which  yields  fissile  fuel  cost  of  more  than 
an  order  of  magnitude  greater  than  present  costs. 

Based  on  these  results,  superconducting  coils  will 
be  used  for  both  the  toroidal  and  poloidal  field  coils. 
The  cost  analysis  has  been  modified  to  account  for 
superconducting  coils;  however,  the  shield  design  must 
be  modified  as  previously  indicated. 

The  current  drive  powers  shown  in  the  table  seem 
very  reasonable,  ranging  from  less  than  15  [MW]  to  just 
under  40  [MW]  for  the  cases  under  cons iderat  ion .  This 
gives  efficiencies  of  up  to  5  [A/W],  which,  if 
obtainable,  will  greatly  reduce  the  cost  of  operating 
the  reactor. 
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[a]  (»]  Cal  (mi  [HU]  CHU]  CHU]  [a]  [HU] 


1.0 

13100 

838 

37.2 

13940 

17.6 

10480 

1.0 

10860 

681 

36.4 

11540 

16.7 

8690 

1.0 

8878 

545 

35.6 

9424 

15.9 

7117 

1.0 

13480 

877 

32.7 

14360 

ia.4 

10770 

1.0 

11300 

722 

32.1 

12020 

17.6 

9032 

1.0 

9360 

587 

31.4 

9947 

16.7 

7493 

1.0 

11750 

988 

31.6 

12740 

18.3 

9394 

1.0 

9730 

803 

30.9 

10530 

17.4 

7787 

1.0 

7951 

643 

30.2 

8594 

16.5 

6373 

1.0 

6395 

506 

29.5 

6901 

15.6 

5139 

1.0 

8272 

899 

29.8 

9171 

17.2 

6631 

1.0 

6645 

707 

29.1 

7352 

16.2 

5342 

1.0 

5245 

545 

28.4 

5790 

15.3 

4230 

1.0 

11490 

747 

27.9 

12240 

18.4 

9174 

1.0 

11960 

1022 

27.5 

12980 

19.2 

9548 

1.0 

10010 

842 

26.9 

10860 

18.3 

8004 

1.0 

8290 

684 

26.3 

8975 

17.4 

6635 

1.0 

8635 

957 

26.0 

9592 

18.1 

6910 

1.0 

7048 

766 

25.4 

7814 

17.2 

5650 

1.0 

5662 

603 

24.8 

6264 

16.2 

4551 

1.0 

5896 

866 

24.4 

6761 

16.9 

4742 

1.0 

4650 

667 

23.8 

5317 

15.9 

3750 

1.0 

10050 

859 

23.1 

10910 

19.2 

8023 

1.0 

10480 

1201 

22.8 

11680 

20.0 

8368 

1.0 

8771 

989 

22.3 

9760 

19.1 

7010 

1.0 

7256 

804 

21.8 

8060 

18.1 

5806 

1.0 

5922 

644 

21.3 

6566 

17.2 

4747 

1.0 

6172 

925 

21.0 

7097 

17.9 

4951 

1.0 

4954 

727 

20.5 

5681 

16.9 

3984 

1.0 

4076 

831 

19.8 

4907 

16.6 

3288 

1.0 

3146 

624 

19.2 

3770 

15.6 

2544 

4.6.  Conclum Ions 

The  reactor  power  balance  for  normal  resistive 
copper  coils  has  been  examined.  A  current  drive  system 
based  on  oscillating  poloidal  and  toroidal  fields  has 
been  presented.  Based  on  excessive  resistive  losses 
for  the  normal  coils,  a  superconducting  magnet  system 
has  been  adopted. 

Many  issues  remain  to  be  resolved  in  the  use  of 
superconducting  coils.  These  include  refrigeration, 
placement,  and  fabrication,  and  are  beyond  the  scope  of 
this  study.  Issues  with  the  oscillating  field  current 
drive  system,  such  as  efficiency  and  stability,  are 
currently  being  addressed  and  do  not  bear  further 
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mention. 
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The  impurity  control  system  in  the  fusion  reactor 
must  be  designed  to  accomplish  the  following  tasks: 
reduce  the  impurity  concentration  in  the  plasma; 
decrease  the  particle  flux  on  the  first  wall  to  reduce 
first  wall  sputtering,  and;  remove  the  alpha  particle 
and  hydrogen  exhaust  from  the  plasma  during  operation. 
The  following  goals  are  also  desired:  reduce  heat  load 
on  the  limiter  or  divertor  plates  to  a  manageable 
level;  develop  a  vacuum  system  that  is  simple  in  design 
and  minimizes  radiation  streaming;  minimize  the 
possibility  of  limiter  damage  due  to  plasma 
perturbation  and  disruptions;  and  design  limiter  or 
divertor  plates  with  an  operational  lifetime  of  at 
least  one  year. 

A  limiter  option  and  a  divertor  option  will  be 
qualitatively  considered  in  this  chapter.  Both  systems 
are  currently  being  examined  for  the  spherical  torus  in 
conjunction  with  other  studies.  Therefore,  a  detailed 
analysis  will  not  be  conducted  here. 

5.1.  Limiter 

A  toroidal  belt  limiter  centered  on  the  midplane 
of  the  outboard  wal 1 /blanke t /sh  i  e  Id  was  chosen  for  this 


option.  The  limiter  is  constructed  in  removable 
modules  and  extends  around  the  entire  torus.  The 
midplane  position  was  chosen  because  it  has  been  shown 
[201  to  be  the  least  likely  place  for  a  thermal  dump 
from  plasma  disruption  and  it  helps  maintain  the 
symmetry  of  the  plasma  system.  A  plenum  is  located  in 
the  blanket  behind  the  limiter  to  increase  the  buildup 
of  helium  and  impurities.  This  "plenum*  region  is  a 
chamber  <.4iml  by  1 . 2  C  m  1  >  extending  around  the  entire 
circumference  of  the  outboard  blanket.  Twenty-four 
pumping  vents  are  located  at  the  top  and  bottom  of  the 
plenum  chamber,  staggered  throughout  the  blanket  to 
accomplish  plenum  pumping.  The  limiter  and  entrance  to 
the  plenum  chamber  are  cooled  with  water.  A  detailed 
cross  sectional  view  is  shown  in  Figure  5-1. 
Construction  materials  and  coolant  schemes  will  be 
discussed  in  further  detail  in  a  later  section. 

The  heat  flux  to  the  limiter  is  kept  low  by 
radiating  75%  to  80%  of  the  charged  particle  power. 

This  is  accomplished  by  injecting  between  .01%  and  .05% 
iodine  into  the  plasma  edge  region.  While  a  larger 
radiative  fraction  is  possible,  it  is  not  desirable 
because  of  the  excessive  thermal  stresses  on  the  first 
wall  and  the  decrease  in  the  fusion  power. 


The  distance  between  the  limiter  wings  and  the 
first  wall  is  designed  such  that  40%  to  50%  of  the 


alpha  particles  reaching  the  limiter  are  reflected  back 
into  the  plasma.  The  deuterium,  tritium,  and  proton 
reflection  is  even  greater  than  that  for  the  alpha 
particles  because  charge-exchange  of  these  particles 
competes  with  inversion  (deionization).  These  two 
processes  provide  for  a  high  helium  pumping  probability 
and  enhanced  deuterium  and  tritium  recycling  into  the 
plasma. 

5.1.1.  Material  Selection 

Given  the  environment  of  a  fusion  reactor, 
especially  the  hostile  environment  seen  by  the  limiter, 
construction  materials  for  the  limiter  must  have 
certain  attributes.  First,  the  limiter  must  have  a 
high  value  of  thermal  conductivity  to  minimize  the 
temperature  change  across  the  material  and  in  turn  to 
minimize  the  resultant  thermal  stress.  Also,  it  must 
possess  a  high  yield  strength  in  order  to  withstand  the 
Inevitable  thermal  stresses,  even  at  large  levels  of 
radiation  damage.  Good  corrosion  resistance  properties 
are  required  to  minimize  Internal  material  loss  and  to 
maintain  a  good  coolant/wall  boundary  (i.e.  reduce 


degradation  in  heat  transfer  coefficients).  Finally, 
the  limiter  must  have  a  low  cross  section  for 
activation  to  reduce  maintenance  difficulties  and 
improve  neutron  economy  in  the  blanket. 

Since  the  limiter  in  a  D-D  system  experiences  large 
particle  flux,  it  is  necessary  to  have  a  low  charge  (Z) 
material  on  the  limiter  surface  to  reduce  plasma 
radiative  losses  from  sputtered  impurities.  For  this 
case,  beryllium  was  chosen  due  to  its  low  Z  and 
compatibility  with  potential  structural  materials. 

Structural  materials  considered  for  the  limiter 
and  their  properties  are  listed  below  in  Table  5-1. 

HT-9  and  PCA  are  common  alloys  of  stainless  steel. 


Table  5-1:  Candidate  Structural  Materials  for 
the  Limiter 


MATERIAL 

k  £W/mal 

<x  ixlO-‘K-] 

E  1  MPa  1 

M  .  P .  1  #C 

Copper 

393 

17 

1 10 

1080 

PCA 

19.5 

17.7 

167 

1400 

HT-9 

29 

11.3 

175 

1420 

VCrTi  Alloy 

24.2 

9.6 

120 

1880 

It  is  impossible  to  state  with  any  certainty 
whether  a  limiter  will  provide  the  necessary  exhaust 


and  impurity  removal  without  some  experimental  data  and 
an  extensive  theoretical  analysis.  Additional  analysis 
will  be  necessary  to  determine  if  any  of  the  materials 
listed  in  Table  5-1  will  be  able  to  withstand  the  high 
particle  fluxes  for  a  reasonable  period  of  time.  Both 
of  these  analyses  are  beyond  the  scope  of  this  project. 

5.2.  Divertor 

A  divertor  impurity  control  system  for  the 
spherical  torus  is  being  explored  as  part  of  the 

ftflyansefl  ToKflinaK  Psagtor; _ Spherical  Torus  (ATR/ST) 

[191  study  being  conducted  by  Los  Alamos  National 
Laboratory.  Data  presented  herein  is  based  on  two 
Tokamak  Power  Systems  Studies  Project  Meetings,  held 
May  15-16,  1985  (at  Georgia  Institute  of  Technology) 
and  August  12-13,  1985  (at  Massachusetts  Institute  of 
Technology) . 

Figures  5-2  and  5-3  show  the  location  and  design 
of  the  divertor  system.  The  double-null  polo idal-f ield 
divertor  has  the  advantages  of:  vertical  stability; 
reduced  heat  loads;  a  natural  fit  to  the  spherical 


Divertor 

Chamber 

-  Shield 


Blanket 


torus's  elongated  configuration;  divertor  coils  inside 
the  toroidal  field  coils,  resulting  in  reduced  divertor 
coil  currents,  better  flux  surface  integrity,  and  more 
area  for  divertor  channel;  and  reduced  blanket  impact. 
Table  5-2  lists  the  basic  parameters  for  the  divertor 
system.  These  are  for  a  D-T  system  and  will  differ  for 
the  D-D  system. 


Table  5-2:  Divertor  Design  Parameters 


Scrapeoff  thickness  [ml 
Radiation  fraction,  f mao 
Particle  confinement  time,  Ir  [si 
Recycle  coefficient 
Divertor  chamber  area  [m*  1 
Transport  power,  P,r  CMW) 

Plasma  density  [m*3  1 
Divertor  connection  length  [ml 
Plasma  surface  area  [m*  1 
Diffusivity  [ma/sl 
Edge-plasma  density  C  10‘3m'3] 
Edge-plasma  temperature  EkeVl 
Wall-plasma  temperature  ieVl 
Average  divertor  heat  flux  CMW/m2] 
Divertor  efficiency 
Blanket  loss 
First  wall  loss 


0.04 
0.3 
2.5  Ar* 

0.9 

185 

391 

1.28 

21.7 

324.4 

1 

5-8 

1 .0-0.4 
40-33 
1.37 

0.997-0.999 

4% 

9% 
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There  are  several  issues  which  need  to  be 
addressed  for  the  divertor  option.  The  first  is  how 
the  magnetics  of  the  divertor  will  change  the  plasma 
shape  and  particle  confinement.  Second  is  what 
currents  will  be  required  and  what  will  the  associated 
losses  be.  Finally,  will  it  be  possible  to  develop  a 
system  to  increase  radiation  in  the  divertor  chamber. 
This  is  necessary  to  increase  divertor  plate  lifetime 
and  reduce  stresses;  however,  the  impurity 
concentration  in  the  plasma  must  be  kept  low. 

s.3.  CflggiiialQM 

A  divertor  and  a  limiter  impurity  control  system 
have  been  analyzed  and  the  design  Issues  associated 
with  each  have  been  presented.  Sufficient  information 
does  not  presently  exist  to  choose  one  system  over  the 
other;  further  investigation  and  experimental  data  will 
be  required  before  either  option  can  be  selected. 

While  the  choice  of  an  impurity  control  system 
will  have  effects  on  the  overall  system,  the 
differences  in  effects  created  by  choosing  one  over  the 
other,  assuming  the  same  efficiency,  should  be  minimal. 
Costs  for  the  impurity  control  system  are  assumed  to  be 


the  same  for  either  option,  and  are  considered  as  such 
in  the  cost  model.  A  3%  blanket  volume  reduction  is 
considered  in  the  neutronics  analysis  for  the  impurity 
control  system. 


Most  recent  hybrid  breeder  designs,  including  this 
design,  favor  the  fission  suppressed  mode  in  which  the 
neutrons  are  moderated  and  the  fertile  fuel  is 
processed  to  remove  the  fissile  isotopes  before  there 
is  a  sufficient  build-up  to  present  a  large  fission 
hazard.  This  mode  of  operation  has  the  advantages  of 
improved  safety  due  to  lower  fission  product  afterheat 
and  hazard,  and  a  much  higher  net  fissile  output  per 
installed  thermal  capacity  til.  Neutron  multiplication 
is  accomplished  with  non-fissioning  multipliers  such  as 
beryllium  or  lead.  However,  this  mode  places  a 
constraint  on  the  design  of  the  system  because  it 
requires  a  mobile  blanket  allowing  the  fissile  material 
to  be  removed  before  the  fission  reaction  rate  becomes 
too  high. 

A  simple  first  wall  and  blanket  design,  based  on 
the  Aqueous  Self-Cooled  Blanket  [81  is  proposed  where 
the  breeder  material,  in  the  form  of  a  salt,  is 
dissolved  in  heavy  water,  which  acts  as  the  coolant. 
This  design  minimizes  the  amount  of  structure,  thereby 
reducing  parasitic  absorptions,  and  maximizes  the 
breeder  material  present.  This  is  possible  because  the 
neutron  wall  loading  is  less  than  0.5  [MW/m2]  and 
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electricity  production  is  not  desired.  Zircaloy  has 
been  chosen  as  the  structural  material  because  of  its 
low  neutron  absorption  and  large  database  from  use  in 
fission  reactors.  This  chapter  details  the  designs  and 
neutronics  analyses  of  the  first  wall,  blanket,  and 
shield . 


■X" 
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6.1.  Design 

The  first  wall  is  composed  of  thin  zircaloy  tubes 
with  approximately  2  imml  of  beryllium  coating  on  the 
plasma  side  to  reduce  erosion  of  the  first  wall. 

Cooling  is  accomplished  by  low  pressure,  low  velocity 
(approximately  2  [ftVminl  at  1  atmosphere)  breeder 
flowing  through  the  tubes  and  into  the  moderator 
region.  The  breeding  material  is  composed  of  heavy 
water,  *1^0  (D20),  with  a  small  amount  of  uranium  or 
thorium  salt  dissolved  in  it.  Candidate  salts  and 
their  solubilities  in  water  are  given  in  Table  6-1. 
Figure  6-1  illustrates  a  top  view  of  the  first  wall  and 
blanke  t . 

Two  blankets  are  used  to  provide  fissile  breeding. 
The  first  blanket  (moderator)  provides  for  neutron 
multiplication  and  moderation  and  is  composed  of  85 
vol%  beryllium,  5  vol*  zircaloy,  and  10  vol%  breeder. 


Table  6-1:  Solubilities  of  Selected  Uranium 
and  Thorium  Salts 


The  second  blanket  is  a  low  velocity,  low  pressure 
"pool"  of  breeder  with  a  5  vol%  zircaloy  structure. 
Zircaloy  baffle  plates  are  employed  horizontally  in  the 
blanket  to  prevent  streaming  and  to  maintain  the  flow 
of  the  breeder. 

Three  types  of  shielding  are  used  in  this  reactor. 
Material  composition  for  each  shield  is  given  in  Table 
6-2,  with  the  locations  being  given  in  Figure  6-2. 
Shield  material  3  is  used  to  replace  the  inboard 
blanket  and  shield  if  the  superconducting  TF  coil 
option  is  employed. 


Figure  6-2:  Blanket  and  shield  positions. 
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Table  6-2:  Candidate  Shielding  Materials 


Shield  1 

Pb 

90  vol* 

Pe  >423 

5  vol* 

D*0  * 

5  vol * 

Shield  2 

B«C 

85  vol* 

Fe‘422 

10  vol* 

D20  • 

5  vol  * 

Shield  3 

W 

90  vol* 

D2O  * 

10  vol* 

*  Breeder  material 
advantageous . 

may  be  substituted  for  D20 

if 

6.2.  MitttEQalca 

Neutronics  analysis  was  accomplished  using  the 
one-dimensional  transport  code,  ONEDANT  [91.  Cross 
section  data  was  compiled  and  grouped  using  TRANSX  and 
the  MATXS5  library  [201.  The  reactions  of  interest  are 
given  in  Table  6-3.  Cross  sections  were  compiled  and 
used  for  all  materials  present  in  the  first  wall, 
blanket,  and  shield  as  described  in  the  previous 
section . 

The  reactor  blanket  and  shield  were  initially 
modeled  as  a  simple  cylinder  with  the  neutron  source  at 
the  center,  a  small  void,  and  then  the  blanket  with  a 
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Table  6-3:  Breeding  and  Competing  Reactions 

Parasitic  Reactions 

n  +  A'  ->  A”*1  +  t 

n  +  A”  ->  A-*  +  2n 

n  +  A*  ->  B""*  +  a 

n  +  A*  ->  B-2  +  2H 

n  +  A*  ->  B-*  +  ‘H 

n  +  A"  ->  B-3  +  3H 

Uranium-Plutonium  Cycle 

n  +  U233  ->  U2”  ->  Np23*  ->  Pu2M 
n  +  U233  ->  U233  +  r  +  n 
n  +  U233  ->  U237  +  2n 
n  +  U233  ->  FP  +  Xn  +  t 

Thorium-Uranium  Cycle 

n  +  Th232  ->  Th233  ->  Pa233  ->  U233 
n  +  Th232  ->  Th232  +  t  +  n 
n  +  Th232  ->  FP  +  Xn  +  t 


v  #  3  *  3Ccr  <  '  *  ' 


C"  ■  *  4  ’ 
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reflector  outer  boundary.  After  the  optimum  design 
space  was  found,  a  more  detailed  analysis  was  conducted 
in  cylindrical  geometry  using  the  model  shown  in  Figure 
6-3.  Table  6-4  illustrates  the  variation  of  fissile 
breeding,  U23a  <n,g)  Pu2”,  and  fissioning,  U23a  (n,f) 

FP,  with  varying  fertile  material  concentrations  and 
varying  moderator  thicknesses.  The  variation  of 
breeding  and  fissioning  with  moderator  thickness  is 
depicted  graphically  in  Figure  6-4,  while  the 
variations  with  changes  in  U23a  concentration  are 
depicted  in  Figure  6-5.  The  reference  design  case  was 
chosen  as  a  15  [cm]  moderator  and  a  7  atom*  U23a/Di0 
breeding  mixture,  in  both  moderator  and  pool  regions. 


9»I0  ID  U) 

9  165  4  49  715  *  £  845  895 


Figure  6-3:  Model  of  reactor  for  neutronics  analysis. 
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Table  6-4:  Neutronics  Analysis  -  Design  Space 
Opt i m izat i on 


& 


Region  1 :  7% 

U238,  Region 

2:  15%  U238 

:<!v 

MODERATOR 

<n,g) 

(n,  f  > 

n-heat 

jra 

THICKNESS 

U-238 

U-238 

<e- 1 2 ) 

[cm] 

[#/fus  nl 

[#/fus  n] 

EW/fus  n] 

£■* 

5.000 

1 . 282 

0.0535 

2.724 

s-: 

10.000 

1 . 354 

0.0361 

2.145 

15.000 

1.361 

0.0237 

1.843 

20.000 

1 . 326 

0.0166 

1.131 

:% 

25.000 

1 .278 

0.0124 

1 .616 

V-- 

E 


t :i 


15  [cm]  Moderator:  7%  U238 


•> 


I 


MAIN  BLANKET 
CONC.  U-238 
tatm  %] 


R 


20.000 

15.000 

10.000 

7.000 

5.000 


<  n g  ) 
U-238 
t#/fus  n] 


1.368 
1.361 
1.347 
1 . 331 
1.309 


<n,f ) 
U-238 
[#/f us  n ] 


0.0287 

0.0237 

0.0182 

0.0146 

0.0121 


n-heat 
(e-12) 
[W/fus  n] 


1.977 

1.843 

1.701 

1.615 

1.564 
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Figure  6-5:  Fissile  breeding  and  fissioning  versus 
uranium  concentration  in  second  blanket. 
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6.3.  CflftcUatQftl 


A  blanket  design  has  been  developed  that  provides 
good  fissile  breeding  and  a  low  fissioning  rate. 

Steady  state  one-dimensional  neutronics  analysis  was 
performed  indicating  a  breeding  ratio  of  1.33  and  a 
fissioning  rate  of  0.015  for  7*  (atom)  uranium  238  in 
heavy  water.  The  fissioning  rate  listed  is  only  for 
the  U2M  and  additional  fissioning  will  occur  in  the 
plutonium  remaining  in  the  breeder  after  processing. 
Additionally,  the  neutronics  analysis  indicates  a 
biologically  safe  radiation  level  on  the  outside  edge 
of  the  toroidal  field  coil  during  operation. 

Stress  analysis  of  the  first  wall  and  blanket 
remains  to  be  done,  as  well  as  a  dynamic  neutronics 
analysis  of  the  blanket  considering  fissile  and  fission 
product  accumulation. 


In  order  to  evaluate  the  potential  of  the  D-D 
Spherical  Torus  Hybrid  Breeder,  the  selling  cost  of 
fissile  material  must  be  determined.  The  purpose  of 
this  chapter  is  to  present  the  model  used  for  making 
that  determination.  This  will  be  divided  into  two 
major  areas:  the  power  flow  model,  which  gives  a  cost 
of  fuel  based  on  the  reactor  cost;  and  the  reactor 
costing  model,  which  yields  the  total  (direct  and 
indirect)  reactor  cost.  These  are  then  combined  to 
determine  the  cost  of  fissile  fuel  and  the  viability  of 
this  design. 

7.1.  power  £i ait 

In  analyzing  the  economics  of  the  hybrid  system, 
it  is  beneficial  to  describe  the  performance  in  terms 
of  the  power  flow  model  as  shown  in  Figure  7-1.  The 
notation  used  is  given  in  Table  7-1. 

The  total  thermal  power  in  the  hybrid  can  be 
expressed  as: 

Pt  =  Pin  +  <1  -  f„)Pr  +  fnMPr  [7.1.1] 

and  the  fusion  energy  released  in  the  production  of  a 
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Table  7-1:  Definition  of  Economics  and  Power  Flow  Terms 


Hybrid  total  thermal  power 

Power  supplied  to  drive  the  fusion  reactor 

Efficiency  of  current  drive  and  auxiliary 
power  systems. 

Power  going  into  the  plasma 

Power  amplification  factor,  Q  =  Pr/UpPin 

Fraction  of  fusion  power  removed  by  neutrons 

Blanket  energy  multiplication 

Fissile  fuel  production  rate  [fissile 
atoms/fusion  neutron] 


Conversion  ratio 


Capture  to  fission  ratio 
Power  produced  by  fission  reactors 
Energy  released  per  fission 
Energy  released  per  fusion  reaction 
Fusion  power 

Number  of  fission  reactors  that  can  be 
supported  by  hybrid  reactor  of  same  thermal 
power 

Ratio  of  total  electric  capacity  to  fusion 
power 

Electrical  conversion  efficiency  of  fission 
reactors 

Electrical  conversion  efficiency  of  fusion 
reactor 

Cost  of  fissile  fuel,  $/gM..u. 


a 


'ii 
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FISSION  ' 
REACTORS 


ELECTRICAL 

CONVERSION 


PLASMA 

HEATING  ETC-jpLAgMA  HEAT 


BLANKET 


NEUTRONSA 


(1-*n)PF 


ELECTRICAL 

CONVERSION 

eff-,h 


POWER  FLOW 

Figure  7-1:  Diagram  of  the  power  flow  for  a  hybrid 
(fission-fusion)  device  producing  the  makeup  required 
for  a  number  of  fission  reactors.  The  notation  is 
explained  in  Table  7-1  and  in  the  text. 


Il.tl.l  l.g  t^-1 


a 


fissile  atom  is  Ef««/F. 

Fissile  atoms  produced  in  the  blanket  are  burned 
in  fission  reactors  with  the  energy  released  per 
fissile  atom  produced  being: 


E.,../(  i-C)(  l+«) 


If  it  is  assumed  that  all  of  the  fissile  material 
produced  in  the  hybrid  is  consumed  in  the  fission 
reactors,  the  ratio  of  fission  to  fusion  power  is: 


Pn,«  _  Em. 


(l-C)(i+a) 


[7.1.2] 


From  equations  7.1.1  and  7.1.2,  N,  the  number  of 
fission  reactors  that  can  be  supported  by  a  hybrid  of 
the  same  thermal  power  is  obtained: 


PT  Ef«.  “  [<l/n,Q>  +  l  +  f„<M-l>l  “  <1-0(1  +a) 

[7.1.31 

Finally,  the  ratio,  R.t,  of  the  total  electrical 
capacity  of  the  system  to  the  fusion  thermal  power  is 
given  by  : 


R.1  =  (PtHh  ~  Pin  +  H«Pf»».)/Pr 


[7.1.4] 


where  n.  is  the  electrical  efficiency  of  the  fission 
reactors.  To  best  realize  the  potential  advantages  of 


v»v»Vi>iS<i 


the  hybrid  breeder,  the  support  ratio,  N,  the  ratio  of 
total  electric  capacity  to  fusion  power,  R.i,  and  the 
hybrid  conversion  efficiency,  nM,  need  to  be  maximized. 


7.2.  Reactor  Costing 

Costing  of  the  reactor  was  performed  using 
accounts  and  data  from  the  current  Reverse-Field  Pinch 
(RFP)/TITAN  [101  reactor  study  modified  to  reflect  no 
electrical  generation  and  appropriate  special 
materials.  The  costing  by  account  is  given  in  Table  7-2 
Because  no  electricity  is  being  generated,  there 
is  no  need  for  turbines  and  turbine  related  equipment. 
This  leads  to  the  elimination  of  accounts  21.3,  23,  and 
24.  However,  more  power  must  be  dissipated  and, 
therefore,  more  (or  larger)  cooling  towers  are 
required.  The  special  materials  account  is  taken  to  be 
zero  because  water  is  used  as  the  coolant  and  the  cost 
of  uranium  salt  is  included  in  the  fuel  costs  in 
determining  "cost  of  fuel". 
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Table  7-2:  Spherical  Torus  Hybrid  Breeder  Cost 
Analysis 


ACCT  * 

ACCOUNT  TITLE 

(H$  1980) 

20. 

Land  and  Land  Rights 

3.3 

21. 

Structures  and  Site  Facilities 

21.1 

Site  Iaproveaents  and  Facilities 

11.15 

21.2 

Reactor  Building 

3e-4  Vrb  +39.5 

21.4 

Cooling  Structures 

3.565  (P../1000)A0.3 
9.16th 

21.5 

Power  Supply  it  Energy  Storage 

21.6 

Miscellaneous  Buildings 

76.50 

21.7 

Ventilation  Stack 

1.81 

21.98 

Spare  Parts  (2  1) 

21.99 

Contingency  (15  X) 

22. 

Reactor  Plant  Equipaent 

22.1 

Reactor  Equipaent 

22.1.1 

Blanket  and  First  Mali 

0.047  Vbl 

22.1.2 

Shield 

0.105  Vshld 

22.1.3 

Superconducting  Magnets 

0.584  Vc 

21.1.5 

Priaary  Structure  and  Support 

0.1125  Vstr 

21.1.6 

Reactor  Vacuua  Systea 

0.0051  Vvac 

21.1.7 

Power  Supply 

0.028  Pth  +1.00 

21.1.8 

Iapurity  Control  Systea 

14.3 

21.1.9 

Direct  Energy  Conversion 

0.0 

ECRH  Breakdown  Systea 

2.82 

22.2 

Main  Heat  Transfer  Systea 

0.069  Pth 

22.3 

Auxiliary  Cooling  Systeas 

6.7e-4  Pth  +  32.6 

22.4 

Radioactive  Haste  Treataent 

i.2e-3  Pth 

22.5 

Fuel  Handling  and  Storage 

9.65e-3  Pth 

22.6 

Other  Reactor  Plant  Equipaent 

0.011  Pth 

22.7 

Instruaentation  and  Control 

23.41 

22.98 

Spare  Parts  (2  Z) 

22.99 

Contingency  Allowance  (15  Z) 

Electric  Plant  Equipment 


45.40 
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Table  7-2:  Spherical  Torus  Hybrid  Breeder  Cost 
Analysis  (con't) 


ACCT  1 

ACCOUNT  TITLE 

(Hi  1980) 

25. 

Miscellaneous  Plant  Equipment 

25.1 

Transportation  &  Lifting  Equip 

15.63 

25.2 

Air  Si  Hater  Service  Systeis 

12.35 

25.3 

Coaiunications  Equipaent 

6.22 

25.4 

Furnishings  Si  Fixtures 

1.20 

25.98 

Spare  Parts  (3  l ) 

25.99 

Contingency  Allowance  (15  2) 

26. 

Special  Materials 

0.0 

90. 

Total  Direct  Cost 

91. 

Construction  Facilities,  Equip,  Services 

10X 

92. 

Engineering  Si  Construction  Manageaent 

81 

93. 

Other  Costs 

5 1 

94. 

Interest  during  Construction 

lOZ/yr 

95. 

Escalation  during  Construction 

5Z/yr 

r. *.  a v 


v 


S9. 


Total  Cost 


is  further  divided  into  three  accounts:  Operations, 
which  accounts  for  day-to-day  costs  of  operating  and 
maintaining  the  plant;  First  Wall,  Blanket,  and  Shield 
Replacement,  which  accounts  for  annual  replacement  of  a 
portion  of  the  first  wall,  blanket,  and  shield  module; 
and  Power,  which  accounts  for  the  costs  of  electricity 
purchased  from  the  line  (because  the  reactor  does  not 
generate  any  electricity).  The  capacity  is  determined 
by  taking  the  fissile  fuel  production  rate  multiplied 
by  the  plant  availability,  which  is  taken  as  80*. 


Cost  of  Fuel  Account  Analysis 


ACCOUNT  TITLE 

Return  on  Capital  (RoC)  £M</yr 3 

Operations  &  Maintenance  (O&H) 
Operations  [M*/yrl 
First  Nall  Blanket  Replacement 
Power  £N$/yrl 

Fuel  CHt/yrl 

Capacity  Ckg/yrl 

Cost  of  Fissile  Material  (CDF) 
[Mt/kgl 


(Ht  1980) 
151  Acct.  99 


21  Acct.  99 
Acct  22. 1. 1/FUB 
Linecost  x  P 


lifetime 

required 


22. 1 le-6  Fj-ss  t  Availability 


F.  t  Availability 
fiss  1 

RoC+OiM+Fuel /Capac i ty 


The  reactor  costs  and  the  costs  leading  to  cost  of 


fuel  are  given  by  account  in  Table  7-4.  All  values 
listed  are  in  1980  dollars;  to  convert  to  1984  dollars, 
in  order  to  compare  with  the  fuel  costs  given  by  the 
Department  of  Energy  1211,  the  1980  dollars  are 
multiplied  by  1.21.  Costs  for  Uranium  235  in  1984 
ranged  from  38  t$/gml  to  almost  80  [$/gmJ.  Fuel  costs 
<in  1984  dollars)  from  this  reactor  range  from  about  37 
[$/gml  to  almost  80  [$/gml;  however,  extraction  and 
processing  costs  have  not  been  considered  in  the 
calculations  for  cost  of  fuel. 

In  analyzing  the  cost  of  fuel,  it  is  seen  that  the 
costs  come  from  two  accounts:  the  return  on  capital; 
and  the  power  component  of  operations  and  maintenance. 
Any  changes  in  these  two  accounts  will  result  in 
proportional  changes  in  the  cost  of  fissile  fuel. 
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Table  7-4:  Typical  Results  of  Cost  Analysis  for  the  D-D 
Spherical  Torus  Hybrid  Breeder 


ACCT  20  ACCT  21  ACCT  22  ACCT  24  ACCT  25  ACCT  90  ACCT  91  ACCT  92  ACCT  93 
1  (Ml 


3.3 

164.4 

878.5 

45.4 

41.8 

1134.6 

113.5 

90.8 

3.3 

163.9 

767.6 

45.4 

41.8 

1023.1 

102.3 

81.8 

3.3 

163.5 

667.0 

45.4 

41.8 

921.9 

92.2 

73.7 

3.3 

165.0 

900.2 

45.4 

41.8 

1157.0 

115.7 

92.6 

3.3 

164.4 

793.8 

45.4 

41.8 

1049.9 

105.0 

84.0 

3.3 

163.9 

696.4 

45.4 

41.8 

951.9 

95.2 

76.1 

3.3 

164.7 

877.3 

45.4 

41.8 

1133./ 

113.4 

90.7 

3.3 

164.1 

765.3 

45.4 

41.8 

1021.0 

102.1 

81.7 

3.3 

163.7 

663.8 

45.4 

41.8 

918.9 

91.9 

73.5 

3.3 

163.3 

570.9 

45.4 

41.8 

825.4 

82.5 

66.0 

3.3 

163.9 

749.6 

45.4 

41.8 

1004.9 

100.5 

80.4 

3.3 

163.4 

638.5 

45.4 

41.8 

893.3 

89.3 

71.5 

3.3 

163.0 

539.9 

45.4 

41.8 

794.2 

79.4 

63.5 

3.3 

165.0 

813.0 

45.4 

41.8 

1069.8 

107.0 

85.6 

3.3 

165.3 

891.4 

45.4 

41.8 

1148.6 

114.9 

91.9 

3.3 

164.7 

785.1 

45.4 

41.8 

1041.5 

104.1 

83.3 

t  ACCT  94  ACCT  95  ACCT  99  CAP  RET 
[«»  [»$]  [«»]  [H$J 


1962.1 

1769.3 

1594.3 
2000.9 

1815.6 

1646.1 

1960.6 

1765.8 

1589.2 
1427.5 

1737.9 
1544.8 

1373.4 
1850.0 

1986.3 
1801.1 


FUEL  Capacity  COF 
EMS3  Ekg/yr 3  [$/g»] 


294.3 

125.2 

0.18 

7.96E+06 

52.71 

265.4 

120.2 

0.15 

6.47E+06 

59.59 

239.1 

115.6 

0.12 

5.18E+06 

68.45 

125.1 

0.17 

7.21E+06 

58.99 

272.4 

121.5 

0.14 

5.94E+06 

66.31 

246.9 

118.3 

0.11 

4.83E+06 

75.63 

294.1 

117.3 

0.19 

8.42E+06 

48.90 

264.9 

112.4 

0.16 

6.84E+06 

55.16 

238.4 

107.9 

0.13 

5.48E+06 

63.22 

214.1 

105.4 

0.10 

4.31E+06 

74.17 

110.4 

0.19 

8.24E+06 

45.08 

231.7 

105.5 

0.15 

6.48E+06 

52.08 

101. 0 

0.12 

4.99E+06 

61.56 

277.5 

128.9 

0.12 

5.25E+06 

77.38 

298.0 

120.9 

0.17 

7.45E+06 

56.29 

117.7 

0.14 

6.14E+06 

63.25 

l  «  4 y.  4  «L-W  o.  *. 


7.5.  Conclusions 


A  cost  model  and  analysis  for  the  D-D  Spherical 
Torus  Hybrid  breeder  using  superconducting  coils  has 
been  presented.  This  model,  based  on  RFPCR  costing, 
indicates  that  fissile  fuel  can  be  produced  at  a  cost 
close  to  or  slightly  higher  than  present-day  costs. 

The  cost  of  extraction  and  processing  has  not 
specifically  been  included  in  the  model  and  will  serve 
to  increase  the  cost  of  fissile  fuel. 


In  this  chapter,  the  results  of  this  study  will  be 


examined  and  a  comparison  made  with  the  previous 
designs  presented  in  Chapter  1.  The  chapter  is  divided 
into  two  sections:  presentation  of  results  and 
comparison  with  previous  work. 

8.1.  Presentation  of  Results 

The  computer  code,  listed  in  Appendix  B,  was  used 
to  do  a  parametric  study  of  the  potential  design  space 
for  the  D-D  Spherical  Torus  Hybrid  Breeder.  The 
criteria  and  common  parameters  used  for  this  design 
space  study  are  given  in  Table  8-1.  These  values  were 
chosen  to  meet  the  design  objective  of  using  a  compact 
spherical  torus  reactor  with  a  D-D  fuel  cycle,  and  to 
match  the  physics  used  from  other  studies,  such  as 
WILDCAT.  The  results  of  this  design  space  study  are 
given  in  Appendix  A. 
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Table  8-1:  Criteria  and  Common  Parameters  for  Design 
Space  Study 


Particle  Profile  Factor,  ou 
Temperature  Profile  Factor,  aT 
D-shapeness,  d 

Alpha  Removal  Coefficient,  R. 

He3  Removal  Coefficient,  R* 

Proton  Removal  Coefficient,  R, 

Number  of  TFC  Return  Legs  ,  Nrrc 
Packing  Fraction,  Fp 
Current  Drive  Fraction,  fc# 

Minimum  Acceptable  Power  CMW] 

Maximum  Acceptable  Current  (MAI 
Maximum  Acceptable  Fissile  Fuel  Cost  [*/gml 
Plasma  Temperature  CkeVl 
Max i mum 
Minimum 

Magnetic  Field  on  Axis,  B«  IT] 

Max imum 
Minimum 

Major  Radius,  R  (ml 
Maximum 
Minimum 
Aspect  Ratio 
Maximum 
Minimum 


0.7 
0.7 
0.2 
0.5 
0.  1 
0.3 
18 
0.9 
0.2 
700 
71 
150 


35 

25 

•  .  »  . 

7.5 

1.5 

••  'Aj 

JO 

JO 

8.5 

.v 

2.0 

2.3 

yw 

>w 

1.5 

A 

>VV- 

A  A  A  A  A  .'-'A 
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For  comparison  of  the  D-D  Spherical  Torus  Hybrid 
Breeder  with  previous  concepts,  an  optimum  result  from 
Appendix  A  will  be  used.  The  basic  parameters  for  this 
design  are  given  in  Table  8-2.  A  comparison  of  this 
design  with  the  Lawrence  Livermore  National  Laboratory 
designs  is  given  in  Table  8-3. 


Table  8-2:  Basic  Parameters  for  the  Reference  D-D 
Spherical  Torus  Hybrid  Breeder 


Major  Radius,  R  [ml  6.0 

Minor  Radius,  a  Cml  2.9 

Aspect  Ratio,  A  2.1 

Toroidal  Field  on  Axis,  B«  CT1  6.5 

El ongat i on,  X  1.9 

Plasma  Current,  Ip  CMA]  62 

Fusion  Power,  P,„.  CMW1  932 

Thermal  Power,  P.**,.  CMW*]  1146 

Fissile  Production,  F  fkg/yrl  (@  80%)  6478 

Total  Reactor  Cost,  Acct  99  [M$< 1980)1  1544.8 

Cost  of  PuM*  ,  COF  [$/gml  52.08 

Neutron  Wall  Loading,  Pw.  CMW/m*l  0.45 

Neutron  Production  [n/m2/sl  3.43xl017 


Table  8-3:  Comparison  of  the  D-D  Spherical  Torus  Hybrid 
with  Previous  Designs 


Heliui-Cooled 

Liquid-Metal-Cooled 

Molten  Salt 

Fission-Suppressed 

D-D  Spherical  Torus 

Fusion  Breeder 

Fusion  Breeder 

Hybrid  Breeder 

[41 

16] 

P,  .  IMW] 
fusion 

3000 

2600 

932 

P  .  .  .  [HWe] 
electric 

1380 

1990 

N/A 

P  ,,  t  .  [MW/i2] 
wall  load 

2 

1.7 

0.45 

Tritiui  Breeding  Ratio, 

T  Ct/neutr on]  1.0 

1.06 

N/A 

Fissile  Breeding  Ratio, 

F  [l/neutronl  0.6 

0.84 

1.34 

Blanket  Multiplication, 

"lWV  ‘-6 

2.4 

1.23 

Fissile  Production  [kg/yr]  6380 

6660 

6478 

(8  80X  Capacity) 

Blanket  Coolant 

He 

Li  (liquid) 

Heavy  Water  (breeder) 

Structure 

SS-316 

SS-316 

Zircaloy 

Neutron  Multiplier 

Be  Pebbles 

Be  Spheres 

Be 

Breeder 

Molten  Salt: 

Th  (metal) 

Aqueous: 

liF  70  loll 

U0  (NO  )  7  Mil 

D26  93  moll 

BeF  12  noli 

Th r.  18  aolZ 

4 

Total  Cost  CMS  1 

4,867 

6,300 

1,545 

(Direct  &  Indirect) 


The  obvious  differences  between  this  design  and 


previous  designs  include:  (1)  the  higher  fissile 
breeding  ratio,  almost  twice  that  of  the  other  designs; 
(2)  lower  fusion  power,  a  third  of  previous  concepts; 
and  (3)  the  much  lower  cost  for  this  reactor  design. 
This  cost  reduction  is  due  to  no  electricity  generation 
requirements,  eliminating  the  need  for  turbine  systems 
and  generators,  and  also  the  reduced  size  of  the  plant. 

Using  the  power  flow  model  presented  here,  the 
cost  of  fuel  for  the  two  LLNL  reactors  was  calculated 
and  is  also  presented  in  Table  8-3.  It  should  be  noted 
that  the  costs  for  materials  and  fabrication  of  the 
breeder,  except  the  uranium  or  thorium,  and  removal  of 
the  fissile  material  have  not  been  included,  but  will 
be  considerably  higher  for  the  LLNL  designs. 


A  reactor  design,  designated  the  D-D  Spherical 
Torus  Hybrid  Breeder,  has  been  proposed  that  offers 


greater  breeding  at  a  lower  cost  than  previous  designs. 
This  design  uses  a  deuterium-deuterium  fuel  cycle  to 
reduce  neutron  wall  loading  and  to  eliminate  the  need 
for  tritium  breeding.  The  reactor  confinement  scheme 
is  based  on  the  Spherical  Torus  compact  reactor  to 
increase  neutron  density  and  to  reduce  capital  cost. 
Finally,  the  reactor  uses  a  novel  aqueous  self-cooled 
blanket  design  which  offers  great  advantage  to  the 
hybrid  breeding  blanket.  In  concluding  this  study,  the 
advantages,  disadvantages,  and  technological  issues  for 
each  of  the  major  systems  will  be  summarized. 

3-1.  Catalyzed  D-D  Fuel  Cycle 

The  fuel  cycle  employed  in  the  D-D  Spherical  Torus 
Hybrid  Breeder  feeds  deuterium  into  the  plasma  and 
recycles  almost  all  of  the  tritium  and  about  90%  of  the 
helium-3  produced  back  into  the  plasma.  This  catalyzed 
mode  of  operation  provides  a  higher  fusion  power  and 
greater  neutron  production  than  does  an  uncatalyzed  or 


yields  lower  wall  loading  and  also  lower  fusion  power 
than  a  D-T  cycle  at  the  same  particle  density.  This  is 
a  disadvantage  for  producing  power,  but  an  advantage 
for  a  system  where  all  that  is  desired  is  a  thermal 
neutron  flux.  The  low  neutron  wall  loading,  less  than 
0.5  [MW/m2],  allows  the  use  of  low  absorption 
structural  materials,  namely  zircaloy,  rather  than  high 
strength  materials  such  as  stainless  steel. 

The  D-D  fuel  cycle  is  not  without  its 
disadvantages.  The  plasma  requires  an  order  of 
magnitude  better  confinement,  <n*t>,  than  the  D-T 
cycle.  It  must  also  be  operated  at  a  higher  plasma 
temperature,  approximately  30  tkeVl,  thus  increasing 
surface  erosion  (sputtering)  and  the  effects  of 
impurities  in  the  plasma.  This  necessitates  increased 
particle  removal  and  more  efficient  impurity  control. 

These  disadvantages  lead  to  the  major  issues 
concerning  the  use  of  the  D-D  fuel  cycle.  The  first 
issue  concerns  the  ability  to  confine  a  dense  enough 
plasma,  long  enough  and  at  the  proper  temperature  for 
ignition  to  occur.  This  will  probably  involve 
initiating  the  reactor  with  a  D-T  fuel  cycle. 

Increasing  the  temperature  by  auxiliary  means,  and  then 
decreasing  and  finally  terminating  the  external  tritium 


fueling.  This  complex  start-up  cycle  is  going  to 
require  a  high  operating  service  availability  <70%)  to 
make  the  reactor  ee  omical. 

The  next  issue  is  that  of  impurity  control.  This 
system  must  be  able  to  accommodate  a  large  particle  flux 
and  heat  load,  and  keep  impurity  concentrations  in  the 
plasma  to  a  very  low  level  to  minimize  radiation 
losses.  Another  issue  is  whether  the  deuterium, 
tritium,  and  helium-3  in  the  exhaust  are  able  to  be 
efficiently  separated  from  the  hydrogen  and  helium-4 
and  recycled  to  the  plasma. 

The  final  issue  is  to  be  able  to  maintain  the 
plasma  temperature  by  auxiliary  means.  This  must  be 
accomplished  without  serious  degradation  of  particle 
and  energy  confinement. 


9.2. 


By  using  a  compact  high  aspect  ratio  design,  the 
capital  cost  of  the  reactor  is  reduced  and,  therefore, 
the  cost  of  the  fissile  material  is  reduced.  The 


technological  issues  associated  with  the  reactor, 
however,  are  numerous.  First,  because  the  plasma 
current  scales  inversely  with  the  aspect  ratio,  the 
compact  reactor  must  have  a  means  to  maintain  high 


plasma  current.  Also,  due  to  the  small  size,  the 
current  must  be  driven  non- induct ivel y,  because  there 
is  no  room  for  a  solenoid  in  the  center  of  the  reactor. 


This  means  that  a  high  efficiency  current  drive  system, 
potentially  the  OFCD,  must  be  developed.  An  issue  with 
the  OFCD  is  what  effect  the  field  oscillations  will 
have  on  particle  confinement. 

The  high  power  density  and  compact  size  of  the 
spherical  torus  make  design  and  placement  of  an 
impurity  control  system  difficult.  Because  of  the 
small  surface  area  presented  to  the  plasma,  a  limiter 
or  divertor  and  the  associated  exhaust  system  can 
easily  remove  a  large  fraction  of  first  wall  area  and 
blanket  volume.  This  would  be  very  detrimental  to  the 
production  of  fissile  material. 

9.3.  Aoueous  Self-Cooled  Blanket 

The  aqueous  self-cooled  blanket  <ASCB)  used  for  a 
fissile  breeder  in  a  deuterium-deuterium  fueled  reactor 
seems  to  offer  a  large  number  of  advantages  and  few,  if 
any,  disadvantages.  The  ASCB  provides  for  simplified 
breeder  material  fabrication  and  reprocessing;  a  lower 
fissioning  rate  which  yields  greater  fissile 


production;  and  increased  safety. 

Technological  issues  associated  with  this  ASCB 
design  are  two-fold.  First  is  whether  a  5  vol% 
zircaloy  structure  is  sufficient  to  provide  the 
necessary  strength  and  support  to  the  blanket.  Second, 
can  the  fission-products  and  fissile  material  be  almost 
totally  removed  during  the  online  processing  of  the 
breeder /coolant . 

In  conclusion,  the  D-D  Spherical  Torus  Hybrid 
Breeder  offers  the  potential  for  a  large,  low-cost 
fissile  material  source.  The  associated  technological 
issues  may,  however,  hamper  the  realization  of  such  a 
reactor  as  the  need  for  alternate  fissile  material 
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This  appendix  lists  the  results  of  the  design 
space  analysis  for  the  D-D  Spherical  Torus  Hybrid 
Breeder.  This  appendix  is  provided  so  that  a 
consolidated  set  of  results  exists  for  reference.  The 
data  numbering  system  used  is  consistant  throughout  the 
appendix,  as  well  as  throughout  the  thesis.  A  glossary 
of  terms  is  included  in  the  first  section  with  the 
tables  of  results  appearing  in  the  following  section. 

A.l.  Glflfiflflrv.  or  IftCM 

The  terms  used  in  the  tables  of  results,  in  the 


approximate  order  in  which  they  appear,  are  given  in 
Table  A-l  through  Table  A-4. 
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Table  A-l:  Glossary  of  Terms  -  Plasma  Parameters 


A 

kappa 

Bt 

beta 

Ip 

P  fusion 
n  tot 
V 
F 

P  equiv 

n  d 
n  t 
n  He  3 
n  He  4 
n  p 
n  e 
f  m 

flux  n 
fp 

P  xx 
dt 
ddt 
dd3 
d3 
tt 

P  wl  xx 

<  V  >  XX 

S 

Bt  max 


Major  Radius  [ml 
Minor  Radius  Cm] 

Aspect  Ratio,  R/a 
Plasma  Elongation 
Toroidal  Field  on  Axis  E T 1 
Plasma  Beta 
Plasma  Current  [MAI 
Plasma  Fusion  Power  [MW] 

Total  Particle  Density  C # / im*  1 

Plasma  Volume  [mal 

Fissile  Production  Rate  Ikg/yr) 

Power  Produced  by  Burning  All  of  the  Fissile 

Material  Produced 

Density  of  Deuterium 

Density  of  Tritium 

Density  of  Helium-3 

Density  of  Helium-4  (Alpha  Particles) 

Density  of  Protons 

Density  of  Electrons 

Paramagnetism  Factor 

Neutron  Production  Rate  [#/m*sl 

Profile  Factor  Associated  with  Subsequent 

Reaction  Power 

Power  [MW]  associated  with  xx  reaction 
D-T  Reaction 

Tritium  Producing  Chain  of  D-D  Reaction 
He*  Producing  Chain  of  D-D  Reaction 
D-He*  Reaction 
T-T  Reaction 

Neutron  Wall  Loading  [MW/m*]  Associated  with 
xx  Reaction 

Reaction  Rate  Parameter  associated  with  xx 
React  ion 

First  Wall  Surface  Area  [m*] 

Maximum  Toroidal  Field  Generated 


P  aux 


Q  plasma 

P  brea 
P  part 
Tau  e 
P  tr 


Table  A-3: 
(Resistive 

R  disk 

W  tfc 
W  pfc 
P  tfc 

P  pfc 

P  cd 

P  total 

Z  coll 
P  cp 


Required  Auxialiary  Power  (MWl 
Associated  with  Listed  Scaling  Law 
(Negative  Numbers  Imply  Ignition) 

Plasma  Energy  Gain  >  P  fusion  /P  my  x  » 

Associated  with  Listed  Scaling  Law 
(Negative  Numbers  Imply  Ignition) 

Power  (MWl  Lost  from  the  Plasma  Due  to 
Bremmstralhung  Radiation 
Fusion  Energy  (MWl  Retained  by  the 
Charged  Particles 

Energy  Confinement  Time  (si  associated 
with  listed  scaling  laws 

Power  tMW]  Lost  Due  to  Particle  Transport 


Glossary  of  Terms  -  Reactor  Power  Balance 
Coils) 


Radius  of  Disk  Connecting  TFC  Return  Legs 
and  Centerpost 

Width  of  a  Side  of  the  TFC  Return  Legs 
Width  of  a  Side  of  the  PFC  Coils 
Resistive  Losses  [MWl  in  the  Toroidal 
Field  Coil  (All  Components) 

Resistive  Losses  [MWl  in  the  Poloidal 
Field  Coils  (Both  Coils) 

Power  Required  to  Drive  the  Plasma 
Current 

Total  Power  Required  for  Magnets  and 
Current  Drive  Systems 
Height  of  Center  Conductor  Post 
Resistive  Losses  in  the  Centerpost 


Table  A-4:  Glossary  of  Terms  -  Cost  Analysis 


ACCT  xx 
CAP  RET 
O&M 

Capacity 

COF 


Costing  Account  Number  from  Table  7-2 
Return  on  Capital  tH$/yrl 
Operations  and  Maintenance  CM$/yrl 
Capacity  Factor  (kg  fissile  material /yrl 
Cost  of  Fissile  Fuel  [$/gml 


[  A. 2.  Tables  of  Results 

) 

i 

Results  are  grouped  into  tables  by  area:  plasma 


parameters;  plasma  power  balance;  reactor  power 
balance;  and  cost  analysis.  Within  each  table,  results 
are  grouped  by  temperature. 


&vvv>v> 
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1 

7.5 

3.3 

2.3 

1.8 

7.0 

0.091 

63.1 

1032 

1.31E+20 

2803 

7159 

2 

7.0 

3.0 

2.3 

1.8 

7.0 

0.091 

58.9 

839 

1.31E+20 

2279 

5821 

3 

6.5 

2.8 

2.3 

1.8 

7.0 

0.091 

54.7 

672 

1.31E+20 

1825 

4660 

4 

8.0 

3.5 

2.3 

1.8 

6.5 

0.091 

62.5 

929 

1.13E+20 

3401 

6484 

5 

7.5 

3.3 

2.3 

1.8 

6.5 

0.091 

58.6 

765 

I.13E+20 

2803 

5342 

6 

7.5 

3.4 

2.2 

1.8 

6.5 

0.096 

67.1 

1090 

1.28E+20 

3093 

7568 

7 

7.0 

3.2 

2.2 

1.8 

6.5 

0.096 

62.6 

886 

1.28E+20 

2515 

6153 

8 

6.5 

3.0 

2.2 

1.8 

6.5 

0.096 

58.1 

710 

1.28E+20 

2013 

4926 

9 

6.5 

3.1 

2.1 

1.9 

6.5 

0.100 

67.1 

1074 

1.50E+20 

2231 

7403 

10 

6.0 

2.9 

2.1 

1.9 

6.5 

0.100 

62.0 

845 

1.50E+20 

1754 

5822 

11 

5.5 

2.6 

2.1 

1.9 

6.5 

0.100 

56.8 

651 

1.50E+20 

1351 

4485 

12 

8.0 

3.6 

2.2 

1.8 

6.0 

0.096 

66.0 

958 

1.09E+20 

3754 

6695 

13 

7.5 

3.4 

2.2 

1.8 

6.0 

0.096 

61.9 

789 

1.09E+20 

3093 

5516 

14 

7.0 

3.2 

2.2 

1.8 

6.0 

0.096 

57.8 

642 

1.09E+20 

2515 

4485 

15 

7.0 

3.3 

2.1 

1.9 

6.0 

0.100 

66.7 

971 

1.27E+20 

2786 

6744 

16 

6.S 

3.1 

2.1 

1.9 

6.0 

0.100 

62.0 

777 

1.27E+20 

2231 

5399 

17 

6.0 

2.9 

2.1 

1.9 

6.0 

0.100 

57.2 

612 

1.27E+20 

1754 

4246 

18 

6.0 

3.0 

2.0 

1.9 

6.0 

0.107 

66.9 

925 

1.48E+20 

1952 

6378 

19 

5.5 

2.8 

2.0 

1.9 

6.0 

0.107 

61.3 

713 

1.48E+20 

1504 

4913 

20 

8.0 

3.8 

2.1 

1.9 

5.5 

0.100 

69.9 

1020 

1.07E+20 

4158 

7138 

21 

7.5 

3.6 

2.1 

1.9 

5.5 

0.100 

65.6 

841 

1.07E+20 

3426 

5882 

22 

7.0 

3.3 

2.1 

1.9 

5.5 

0.100 

61.2 

684 

1.07E+20 

2786 

4782 

23 

6.5 

3.3 

2.0 

1.9 

5.5 

0.107 

66.4 

828 

1.25E+20 

2482 

5754 

24 

6.0 

3.0 

2.0 

1.9 

5.5 

0.107 

61.3 

651 

1 . 25E+20 

1952 

4526 

25 

5.5 

2.9 

1.9 

1.9 

5.5 

0.115 

66.7 

779 

1.47E+20 

1681 

5374 

26 

8.0 

3.8 

2.1 

1.9 

5.0 

0.100 

63.6 

695 

8.86E+19 

4158 

4895 

27 

7.5 

3.8 

2.0 

1.9 

5.0 

0.107 

69.7 

866 

1.03E+20 

3812 

6066 

28 

7.0 

3.5 

2.0 

1.9 

5.0 

0,107 

65.0 

704 

1.03E+20 

3100 

4931 

29 

6.0 

3.2 

1.9 

1.9 

5.0 

0.115 

66.2 

688 

1.21E+20 

2182 

4790 

30 

8.0 

4.0 

2.0 

1.9 

4.5 

0.107 

66.9 

687 

8.36EM9 

4627 

4850 

31 

7.0 

3.7 

1.9 

1.9 

4.5 

0.115 

69.5 

715 

9.B3E+19 

3465 

5016 

32 

8.0 

4.2 

1.9 

1.9 

4.0 

0.115 

70.6 

664 

7.77EM9 

5173 

4694 

tkeV] 

101 

7.5 

3.3 

2.3 

1.8 

7.0 

0.091 

63.1 

1139 

1.53E+20 

2803 

7963 

102 

7.0 

3.0 

2.3 

1.8 

7.0 

0.091 

58.9 

926 

1.53E+20 

2279 

6474 

103 

6.5 

2.8 

2.3 

1.8 

7.0 

0.091 

54.7 

742 

1.53E+20 

1825 

5184 

104 

8.0 

3.5 

2.3 

1.8 

6.5 

0.091 

62.5 

1026 

I.32E+20 

3401 

7211 

105 

7.5 

3.3 

2.3 

1.8 

6.5 

0.091 

58.6 

846 

1.32E+20 

2803 

5942 

106 

7.0 

3.0 

2.3 

1.8 

6.5 

0.091 

54.7 

687 

1.32E+20 

2279 

4831 
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P  fusion 

n  tot 

F 
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5  (cont.) 

a  A  kappa 

la] 

Bt 

CT3 

beta 

Ip  P  fusion 
[HA]  [HU] 

n  tot 
[a-31 

V 

Ca3] 

F 

Ckg/yr]  P  tquiv 
(«  801)  [HU] 

107 

7.5 

3.4 

2.2 

1.8 

6.5 

0.096 

67.1 

1203 

1.506+20 

3093 

8416 

78990 

108 

7.0 

3.2 

2.2 

1.8 

6.5 

0.096 

62.6 

978 

1.506+20 

2515 

6844 

64230 

109 

6.5 

3.0 

2.2 

1.8 

6.5 

0.096 

58.1 

783 

1.50E+20 

2013 

5479 

51420 

110 

6.0 

2.7 

2.2 

1.8 

6.5 

0.096 

53.6 

616 

1. 506+20 

1584 

4310 

40450 

111 

6.5 

3.1 

2.1 

1.9 

6.5 

0.100 

67.1 

1185 

1.746+20 

2231 

8232 

77290 

112 

6.0 

2.9 

2.1 

1.9 

6.5 

0.100 

62.0 

932 

1.746+20 

1754 

6478 

60790 

113 

5.5 

2.6 

2.1 

1.9 

6.5 

0.100 

56.8 

718 

1.74E+20 

1351 

4990 

46820 

114 

8.0 

3.5 

2.3 

1.8 

6.0 

0.091 

57.7 

744 

1.126+20 

3401 

5254 

115 

8.0 

3.6 

2.2 

1.8 

6.0 

0.096 

66.0 

1058 

1.286+20 

3754 

7446 

69870 

116 

7.5 

3.4 

2.2 

1.8 

6.0 

0.096 

61.9 

872 

1.286+20 

3093 

6134 

57570 

117 

7.0 

3.2 

2.2 

1.8 

6.0 

0.096 

57.8 

709 

1.286+20 

2515 

4988 

46810 

118 

7.0 

3.3 

2.1 

1.9 

6.0 

0.100 

66.7 

1072 

1.496+20 

2786 

7501 

119 

6.5 

3.1 

2.1 

1.9 

6.0 

0.100 

62.0 

858 

1.49E+20 

2231 

6006 

56360 

120 

6.0 

2.9 

2.1 

1.9 

6.0 

0.100 

57.2 

675 

1.496+20 

1754 

4723 

44330 

121 

6.0 

3.0 

2.0 

1.9 

6.0 

0.107 

66.9 

1021 

1.73E+20 

1952 

7096 

66590 

122 

5.5 

2.8 

2.0 

1.9 

6.0 

0.107 

61.3 

786 

1.736+20 

1504 

5466 

51290 

123 

8.0 

3.6 

2.2 

1.8 

5.5 

0.096 

60.5 

746 

1.076+20 

3754 

5276 

49510 

124 

8.0 

3.8 

2.1 

1.9 

5.5 

0.100 

69.9 

1128 

1.256+20 

4158 

7938 

125 

7.5 

3.6 

2.1 

1.9 

5.5 

0.100 

65.6 

929 

1.25E+20 

3426 

6541 

61380 

126 

7.0 

3.3 

2.1 

1.9 

5.5 

0.100 

61.2 

755 

1.25E+20 

2786 

5318 

49910 

127 

6.5 

3.1 

2.1 

1.9 

5.5 

0.100 

56.8 

605 

1.256+20 

2231 

4258 

39960 

128 

6.5 

3.3 

2.0 

1.9 

5.5 

0.107 

66.4 

914 

1.466+20 

2482 

6400 

129 

6.0 

3.0 

2.0 

1.9 

5.5 

0.107 

61.3 

719 

1.46E+20 

1952 

5034 

47240 

130 

5.5 

2.9 

1.9 

1.9 

5.5 

0.115 

66.7 

859 

1.71E+20 

1681 

5978 

56100 

131 

5.0 

2.6 

1.9 

1.9 

5.5 

0.115 

60.7 

646 

1.71E+20 

1263 

4491 

42150 

132 

8.0 

3.8 

2.1 

1.9 

5.0 

0.100 

63.6 

769 

1.036+20 

4158 

5442 

133 

7.5 

3.6 

2.1 

1.9 

5.0 

0.100 

59.6 

633 

1 . 03E+20 

3426 

4485 

mm 

134 

7.5 

3.8 

2.0 

1.9 

5.0 

0.107 

69.7 

957 

1.206+20 

3812 

6745 

135 

7.0 

3.5 

2.0 

1.9 

5.0 

0.107 

65.0 

778 

I.20E+20 

3100 

5484 

51460 

136 

6.5 

3.3 

2.0 

1.9 

5.0 

0.107 

60.4 

623 

1.206+20 

2482 

4390 

137 

6.0 

3.2 

1.9 

1.9 

5.0 

0.115 

66.2 

760 

1.416+20 

2182 

5328 

138 

8.0 

4.0 

2.0 

1.9 

4.5 

0.107 

66.9 

760 

9.756+19 

4627 

5393 

50610 

139 

7.5 

3.8 

2.0 

1.9 

4.5 

0.107 

62.7 

627 

9.75E+19 

3812 

4443 

140 

7.0 

3.7 

1.9 

1,9 

4.5 

0.115 

69.5 

790 

1.156+20 

3465 

5578 

52340 

141 

6.5 

3.4 

1.9 

1.9 

4.5 

0.115 

64.5 

633 

1.15E+20 

2775 

4466 

41910 

142 

8.0 

4.2 

1.9 

1.9 

4.0 

0.115 

70.6 

735 

9.076+19 

5173 

5220 

48980 

143 

7.5 

3.9 

1.9 

1.9 

4.0 

0.115 

66.2 

605 

9.076+19 

4262 

4301 

40360 

25  CkaVl 

201 

7.5 

3.3 

2.3 

1.8 

7.0 

0.091 

63.1 

1261 

1.836+20 

2803 

8888 

202 

7.0 

3.0 

2.3 

1.8 

7.0 

0.091 

58.9 

1025 

1.836+20 

2279 

7227 

67830 
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203 

6.5 

2.8 

2.3 

1.8 

7.0 

0.091 

54.7 

204 

6.0 

2.6 

2.3 

1.8 

7.0 

0.091 

50.5 

205 

8.0 

3.5 

2.3 

1.8 

6.5 

0.091 

62.5 

206 

7.5 

3.3 

2.3 

1.8 

6.5 

0.091 

58.6 

207 

7.0 

3.0 

2.3 

1.8 

6.5 

0.091 

54.7 

208 

6.S 

2.8 

2.3 

1.8 

6.5 

0.091 

50.8 

209 

7.5 

3.4 

2.2 

1.8 

6.5 

0.096 

67.1 

210 

7.0 

3.2 

2.2 

1.8 

6.5 

0.096 

62.6 

211 

6.5 

3.0 

2.2 

1.8 

6.5 

0.096 

58.1 

212 

6.0 

2.7 

2.2 

1.8 

6.5 

0.096 

53.6 

213 

6.5 

3.1 

2.1 

1.9 

6.5 

0.100 

67.1 

214 

6.0 

2.9 

2.1 

1.9 

6.5 

0.100 

62.0 

215 

5.5 

2.6 

2.1 

1.9 

6.5 

0.100 

56.8 

216 

8.0 

3.5 

2.3 

1.8 

6.0 

0.091 

57.7 

217 

7.5 

3.3 

2.3 

1.8 

6.0 

0.091 

54.1 

218 

8.0 

3.6 

2.2 

1.8 

6.0 

0.096 

66.0 

219 

7.5 

3.4 

2.2 

1.8 

6.0 

0.096 

61.9 

220 

7.0 

3.2 

2.2 

1.8 

6.0 

0.096 

57.8 

221 

6.5 

3.0 

2.2 

1.8 

6.0 

0.0% 

53.6 

222 

7.0 

3.3 

2.1 

1.9 

6.0 

0.100 

66.7 

223 

6.5 

3.1 

2.1 

1.9 

6.0 

0.100 

62.0 

224 

6.0 

2.9 

2.1 

1.9 

6.0 

0.100 

57.2 

225 

6.0 

3.0 

2.0 

1.9 

6.0 

0.107 

66.9 

226 

5.5 

2.8 

2.0 

1.9 

6.0 

0.107 

61.3 

227 

5.0 

2.5 

2.0 

1.9 

6.0 

0.107 

55.8 

228 

8.0 

3.6 

2.2 

1.8 

5.5 

0.096 

60.5 

229 

7.5 

3.4 

2.2 

1.8 

5.5 

0.096 

56.7 

230 

8.0 

3.8 

2.1 

1.9 

5.5 

0.100 

69.9 

231 

7.5 

3.6 

2.1 

1.9 

5.5 

0.100 

65.6 

232 

7.0 

3.3 

2.1 

1.9 

5.5 

0.100 

61.2 

233 

6.5 

3.1 

2.1 

1.9 

5.5 

0.100 

56.8 

234 

6.5 

3.3 

2.0 

1.9 

5.5 

0.107 

66.4 

235 

6.0 

3.0 

2.0 

1.9 

5.5 

0.107 

61.3 

236 

5.5 

2.8 

2.0 

1.9 

5.5 

0,107 

56.2 

237 

5.5 

2.9 

1.9 

1.9 

5.5 

0.115 

66.7 

238 

5.0 

2.6 

1.9 

1.9 

5.5 

0.115 

60.7 

239 

8.0 

3.8 

2.1 

1.9 

5.0 

0.100 

63.6 

240 

7.5 

3.6 

2.1 

1.9 

5.0 

0.100 

59.6 

241 

7.5 

3.8 

2.0 

1.9 

5.0 

0.107 

69.7 

242 

7.0 

3.5 

2.0 

1.9 

5.0 

0.107 

65.0 

243 

6.5 

3.3 

2.0 

1.9 

5.0 

0.107 

60.4 

821 

1.83E+20 

1825 

5786 

646 

1.83E+20 

1435 

4551 

1137 

1.58E+20 

3401 

8046 

937 

1.58E+20 

2803 

6631 

762 

1.58E+20 

2279 

5392 

610 

1.58E+20 

1825 

4317 

1332 

1.80E+20 

3093 

9400 

1083 

1.80E+20 

2515 

7640 

867 

1.80E+20 

2013 

6117 

682 

1. 806+20 

1584 

4811 

1310 

2.09E+20 

2231 

9192 

1030 

2.09E+20 

1754 

7233 

794 

2.09E+20 

1351 

5571 

825 

1.35E+20 

3401 

5862 

680 

1.35E+20 

2803 

4830 

1173 

1.53E+20 

3754 

8312 

%6 

1.53E+20 

3093 

6846 

786 

1.53E+20 

2515 

5566 

629 

1.53E+20 

2013 

4457 

1187 

1.79E+20 

2786 

8376 

950 

1.79E+20 

2231 

6704 

747 

1.79E+20 

1754 

5273 

1129 

2.08E+20 

1952 

7923 

869 

2.08E+20 

1504 

6103 

653 

2.08E+20 

1130 

4585 

827 

1.29E+20 

3754 

5886 

682 

I.29E+20 

3093 

4850 

1250 

1.50E+20 

4158 

8856 

1030 

1.50E+20 

3426 

7300 

837 

i.soe+20 

2786 

5935 

670 

1.50E+20 

2231 

4752 

1012 

1.75E+20 

2482 

7144 

7% 

1.75E+20 

1952 

5619 

613 

l . 75E+20 

1504 

4328 

951 

2.05E+20 

1681 

6675 

714 

2.05E+20 

1263 

5015 

853 

1.24E+20 

4158 

6073 

703 

1.24E+20 

3426 

5004 

1061 

1.44E+20 

3812 

7527 

963 

1.44E+20 

3100 

6120 

691 

1.44E+20 

2482 

4900 

54300 

42710 

75530 

62230 

50600 

40510 

88180 

71690 

57400 

45150 

86300 

67870 

52280 

55010 

45330 

77980 

64250 

52240 

41830 

78580 

62910 

49480 

74350 

57270 

43030 

55240 

45520 

83140 

68500 

55700 

44590 

67050 

52730 

40620 

62640 

47060 

56990 

46960 

70640 

57430 

45980 


s 


35  tkeVl 


1 

1.29E+20 

6.91E+17 

8.53E+17 

1.87E+17 

3.11E+17 

1.32E+20 

1.00 

2.78E+17 

1.3 

2 

1.29E+20 

6.91E+17 

8.53EM7 

1.87E+17 

3.11E+17 

1.32E+20 

1.00 

2.59E+17 

1.3 

3 

1.29E+20 

6.91E+17 

8.53E+17 

1.87E+17 

3.11E+17 

1.32E+20 

1.00 

2.41E+17 

1.3 

4 

1.11E+20 

5.97E+17 

6.42E+17 

1.38E+I7 

2.30EH7 

1.14E*20 

1.00 

2.21EM7 

1.3 

5 

1.11E+20 

5.97E+17 

6.42E+17 

1.38E+17 

2.30E+17 

1.14E+20 

1.00 

2.07E+17 

1.3 

6 

1.26E+20 

6.77E+17 

8.18E+17 

1.79E+17 

2.98E+17 

1.29E+20 

1.04 

2.75EH7 

1.3 

7 

1.26E+20 

6.77E+17 

8.18E+17 

1.79E+17 

2.9BE+17 

1.29E+20 

1.04 

2.56E+17 

1.3 

8 

1.26E+20 

6.77E+17 

8.18EM7 

1.79E+17 

2.98E+17 

1.29E+20 

1.04 

2.38E+17 

1.3 

9 

1.47E+20 

7.88E+17 

1.10E+18 

2.45E+17 

4.08E+17 

1.51E+20 

1.10 

3.34E+17 

1.3 

10 

1 . 47E+20 

7.88E+17 

1.10E+18 

2.45E+17 

4.08E+17 

1.51E+20 

1.10 

3.08EM7 

1.3 

11 

1.47E+20 

7.88E+17 

1.10E+18 

2.45E+17 

4.08E+17 

1.51E+20 

1.10 

2.83E+17 

1.3 

12 

1.08E+20 

5.78E+17 

6.02E+17 

1.29E+17 

2.15E+17 

1.10E+20 

1.04 

2.14EM7 

1.3 

13 

1.08E+20 

5.78E+17 

6.02E+17 

1.29E+17 

2.I5E+17 

1.10E+20 

1.04 

2.00E+17 

1.3 

14 

1.08E+20 

5.78E+17 

6.Q2EM7 

1.29E+17 

2.15E+17 

1.10E+20 

1.04 

1.87EM7 

1.3 

15 

1.26E+20 

6.73E+17 

8.09E+17 

1.77E+17 

2.95E+17 

1.28E+20 

1.10 

2.62EM7 

1.3 

18 

1.26E+20 

6.73E+17 

8.09EM7 

1.77E+17 

2.95E+17 

1.28E+20 

1.10 

2.44E+17 

1.3 

17 

1.26E+20 

6.73E+17 

8.09E+17 

1.77E+17 

2.95E+17 

1.28E+20 

1.10 

2.25E+17 

1.3 

18 

1.46E+20 

7.82E+17 

1.08E+18 

2.41E+17 

4.02EM7 

1.50E+20 

1.15 

3. I5E+17 

1.3 

19 

1.46E+20 

7.82E+17 

l.ore+is 

2.41E+17 

4.02E+17 

1.50E+20 

1.15 

2.B8E+I7 

1.3 

20 

1.06E+20 

5.67E+17 

5.80E+17 

1.24E+17 

2. 07E+17 

1.08E+20 

1.10 

2.13EH7 

1.3 

21 

1.06E+20 

5.67E+17 

5.80E+17 

1.24E+17 

2.07E+17 

1.08E+20 

1.10 

1.99E+17 

1.3 

22 

1.06E+20 

5.67E+17 

5.80EH7 

1.24E+17 

2.07E+17 

1.08E+20 

1.10 

1.86E+17 

1.3 

23 

1.23E+20 

6.59E+17 

7.76E+17 

1.69E+17 

2.82E+17 

1.26E+20 

1.15 

2.42E+17 

1.3 

24 

1.23E+20 

6.59E+17 

7.76E+17 

1.69E+17 

2.82E+17 

1.26E+20 

1.15 

2.23EM7 

1.3 

25 

1.44E+20 

7.74E+17 

1.06E+18 

2.36E+17 

3.93E+17 

1.48E+20 

1.20 

2.93E+17 

1.3 

26 

8.75E+19 

4.69E+17 

4.02EM7 

8.43E+16 

1.41EM7 

8.91E+I9 

1.10 

1.46E+17 

1.3 

27 

1.02E+20 

5.46E+17 

5.39E+17 

1.15E+17 

1.91E+17 

1.04E+20 

1.15 

1.92E+17 

1.3 

28 

1.02E+20 

5.46E+17 

5.39E+17 

1.15EM7 

1.91EH7 

1.04E+20 

1.15 

1.79EM7 

1.3 

29 

1.20E+20 

6.41E+17 

7.36E+17 

1.60E+17 

2.66E+17 

1.22E+20 

1.20 

2.20E+17 

1.3 

30 

8.26E+19 

4.43E+17 

3.59E+17 

7.49E+16 

1.25E+17 

8.40E+19 

1.15 

1.35EH7 

1.3 

31 

9.70E+19 

5.21E+17 

4.91E+17 

1.04E+17 

1.74E+17 

9.89E+19 

1.20 

1.69E+17 

1.3 

32 

7.68E+19 

4.12E+17 

3.11EM7 

6. 47E+16 

1.Q8E+17 

7.81E+19 

1.20 

1.21E+17 

1.3 

IktVl 

101 

1.51E+20 

7.02E+17 

9.59E+17 

2.06E+17 

3.43E+17 

1.54E+20 

1.00 

3.09E+17 

1.4 

102 

1.51E+20 

7.02E+17 

9.59EM7 

2.Q6EM7 

3.43E+17 

1.54E+20 

1.00 

2.89E+17 

1.4 

103 

1.51E+20 

7.02E+I7 

9.59EM7 

2.06E+17 

3.43E+17 

1.54E+20 

1.00 

2.6BEM7 

1.4 

104 

1.30E+20 

6.07E+17 

7.21EM7 

1.52E+17 

2.54E+17 

1.33E+20 

1.00 

2.46E+17 

1.4 

105 

1 . 30E+20 

6.07E+17 

7.21EM7 

1.52E+17 

2.54EM7 

1.33E+20 

1.00 

2.31E+17 

1.4 

106 

1.30E+20 

6.07E+17 

7.21E*17 

1.52EM7 

2.54E+17 

1.33E+20 

1.00 

2.15E+17 

1.4 

w-, 

\v- 

^  .v; 
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Table  A-5  (cont.) 


« 

n  d 
(•-31 

n  t 
(■-31 

n  He3 
(■-31 

n  He4 
(■-31 

n  p 
(•-31 

n  * 

(•-31 

ft 

flux  n 
CI/.2/S] 

<P 

107 

1.47E+20 

6.87EM7 

9.19E+17 

1.97E+17 

3.28E+17 

1.51E+20 

1.04 

3.06E+17 

1.4 

10B 

1.47E+20 

6.87E+17 

9.19E+17 

1.97E+17 

3.2BE+17 

1.51E+20 

1.04 

2.B5E+17 

1.4 

109 

1 . 47E+20 

6.87E+17 

9.19EM7 

1.97E+17 

3.28E+17 

1 .51E+-20 

1.04 

2.65E+17 

1.4 

110 

1.47E+20 

6.87E+17 

9.19E+17 

1.97E+17 

3.2BE+17 

1.51E+20 

1.04 

2.44E+17 

1.4 

111 

1.72E+20 

8.00EM7 

1.24E+18 

2.69E+17 

4.49E+17 

1.76E+20 

1.10 

3.72EM7 

1.4 

112 

1.72E+20 

8.00E+17 

1.24E+18 

2.69E+17 

4.49E+17 

1.76E+20 

1.10 

3.43E+17 

1.4 

113 

1.72E+20 

8.00E+17 

1.24E+18 

2.69E+17 

4.49E+17 

1 . 76E+20 

1.10 

3.14E+17 

1.4 

114 

1.11E+20 

5.18E+17 

5.29E+17 

1.10E+17 

1.84E+17 

1.13E+20 

1.00 

1. 79E+17 

1.4 

US 

1.26E+20 

5.87E+17 

6.76E+17 

1.42E+17 

2.37E+17 

1.28E+20 

1.04 

2.37EM7 

1.4 

116 

1 . 26E+20 

5.87E+17 

6.76E+17 

1.42E+17 

2.37E+17 

1.28E+20 

1.04 

2.23E+17 

1.4 

117 

1.26E+20 

5.87E+17 

6.76E+17 

1.42E+17 

2.37EU7 

1.28E+20 

1.04 

2.08EU7 

1.4 

118 

1.47E+20 

6.84E+17 

9.10E+17 

1.95E+17 

3.25E+17 

1.50E+20 

1.10 

2.92EU7 

1.4 

119 

1.47E+20 

6.84E+17 

9.10E+17 

1.95E+17 

3.25EM7 

1.50E+20 

1.10 

2.71EM7 

1.4 

120 

1.47E+20 

6.84E+17 

9, 10E+17 

1.95E+I7 

3.25E+17 

1.50E+20 

1.10 

2.50E+17 

1.4 

121 

1.70E+20 

7.94E+17 

1.22E+18 

2.65E+17 

4.42E+17 

1.75E+20 

1.15 

3.50E*17 

1.4 

122 

1.70E+20 

7.94E+17 

1.22E+18 

2.65E+17 

4.42E+17 

1.75E+20 

1.15 

3.21E+17 

1.4 

123 

1.06E+20 

4.94EM7 

4.83EM7 

t.OOE+17 

1.67E+17 

1.08E+20 

1.04 

1.68EU7 

1.4 

124 

1.23E+20 

5.76E+17 

6.51E+17 

1.37E+17 

2.2BE+17 

1.26E+20 

1.10 

2.36E+17 

1.4 

125 

1.23E+20 

5.76E+17 

6.51E+17 

1.37E+17 

2.28E+17 

1.26E+20 

1.10 

2.22EM7 

1.4 

126 

1.23E+20 

5.76E+17 

6.51E+17 

1.37E+17 

2.28E+17 

1.26E+20 

1.10 

2.07E+17 

1.4 

127 

1.23E+20 

5.76E+17 

6.51E+17 

1.37E+17 

2.28EU7 

1.26E+20 

1.10 

1.92EM7 

1.4 

128 

1.44E+20 

6.69E+17 

8.73E+17 

1.86E+17 

3.11E+17 

1.47E+20 

1.15 

2. 69E+17 

1.4 

129 

1.44E+20 

6.69E+17 

8.73EM7 

1.86E+17 

3.UE+17 

1.47E+20 

1.15 

2.48E+17 

1.4 

130 

1.69E+20 

7.86E+17 

1.19E+18 

2.59E+17 

4.32E+17 

1.73E+20 

1.20 

3.26E+17 

1.4 

131 

1.69E+20 

7.86E+17 

1.19E+18 

2.59E+17 

4.32E+17 

1 . 73E+20 

1.20 

2.97E+17 

1.4 

132 

1.02E+20 

4.77E+17 

4.50E+17 

9.31E+16 

1.55E+17 

1.04E+20 

1.10 

1.62E+17 

1.4 

133 

1.02E+20 

4.77E+17 

4.50E+17 

9.31E+16 

1.55E+17 

1.04E+20 

1.10 

1.52EM7 

1.4 

134 

1.19E+20 

5.54E+17 

6.04E+17 

1.27E+17 

2.11E+17 

1.21E+20 

1.15 

2.13E+17 

1.4 

135 

1. 19E+20 

5.54EM7 

6.04EM7 

1.27EM7 

2.11EM7 

1.21E+20 

1.15 

1.99E+17 

1.4 

136 

1.19E+20 

5.54E+17 

6.04E+17 

1.27E+17 

2. 11E+17 

1.21E+20 

1.15 

1.85E+17 

1.4 

137 

1.40E+20 

6.51E+17 

8.27EM7 

1.76E+17 

2.94E+17 

1.43E+20 

1.20 

2.44E+17 

1.4 

138 

9.64E+19 

4.50E+17 

4.02E+17 

8.27E+16 

1.38E+17 

9.80E+19 

1.15 

1.50E+17 

1.4 

139 

9.64E+19 

4.50E+17 

4.02EU7 

8.27E+16 

1.38E+17 

9.80E+19 

1.15 

1.40EU7 

1.4 

140 

1.13E+20 

5.29E+17 

5.51E+17 

1.15E+17 

1.92E+17 

1.15E+20 

1.20 

1.88EM7 

1.4 

141 

1.13E+20 

5.29E+17 

5.51E+17 

1.15E+17 

1.92E+17 

1.15E+20 

1.20 

1.75E+17 

1.4 

142 

8.97E+19 

4.19E+17 

3.49E+17 

7.15E+16 

1.19E+17 

9.11E+19 

1.20 

1.35E+17 

1.4 

143 

8.97EU9 

4.19E+17 

3.49EM7 

7.15E+16 

l.  19E+17 

9.11E+19 

1.20 

1.26E+17 

1.4 

tk«V] 

201 

1.81E+20 

7.24E+17 

1.08E+18 

2.27E+17 

3.7BE+17 

1.85E+20 

1.00 

3.45EU7 

1.5 

202 

1.81E+20 

7.24E+17 

1.08E+18 

2.27EM7 

3.78E+17 

1.85E+20 

1.00 

3.22EU7 

1.5 
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Table  A-5  (cont.) 


O'* 


\ 


I  n  d  n  t  n  He3  n  He4  n  p  n  e  fa  flux  n  fp 

la-31  la-31  Ca-31  Ca-31  la-31  la-31  El/a2/sl 


203 

1.81E+20 

7.24E+17 

1.08E+18 

2.27E+17 

3.78EH7 

1.85E+20 

1.00 

2.99EM7 

1.5 

r  J 

V.V 

204 

1.81E+20 

7.24E+17 

1.08E+18 

2.27E+17 

3.7BE+17 

1.85E+20 

1.00 

2.76E+17 

1.5 

w 

a  ; 

205 

1.56E+20 

6.26E+17 

8.13E+17 

1.68E+17 

2.81E+17 

1.59E+20 

1.00 

2.75E+17 

1.5 

w 

206 

1 . 56E+20 

6.26E+17 

8. 13E+17 

1.68E+17 

2.81E+17 

1.59E+20 

1.00 

2.57E+17 

1.5 

207 

1.56E+20 

6.26E+17 

8.13EM7 

1.68E+17 

2.81E+17 

1.59E+20 

1.00 

2.40EM7 

1.5 

208 

1.56E+20 

6.26E+17 

8.13E+17 

1.68E+17 

2.81E+17 

1.59E+20 

1.00 

2.23E+17 

1.5 

-J 

209 

1.77E+20 

7.09E+17 

1.04EM8 

2.17E+17 

3.62E+17 

1.81E+20 

1.04 

3.41E+17 

1.5 

210 

1.77E+20 

7.09E+17 

1.04E+18 

2.17E+17 

3.62E+17 

1.81E+20 

1.04 

3.18E+17 

1.5 

211 

1.77E+20 

7.09E+17 

1.04E+18 

2.17E+17 

3.62E+17 

1.81E+20 

1.04 

2.96EM7 

1.5 

212 

1.77E+20 

7.09E+17 

1.04E+18 

2.17E+17 

3.62E+17 

1.81E+20 

1.04 

2.73E+17 

1.5 

213 

2.06E+20 

8.26E+17 

1.40EM8 

2.97E+17 

4.95E+17 

2. 11E+20 

1.10 

4.15E+17 

1.5 

214 

2.06E+20 

8.26E+17 

1.40E+18 

2.97E+17 

4.95E+17 

2.11E+20 

1.10 

3.83E+17 

1.5 

a 

215 

2.06E+20 

8.26E+17 

1.40E+18 

2.97E+17 

4.95E+17 

2.11E+20 

1.10 

3.51EM7 

1.5 

216 

1.33E+20 

5.34E+17 

5.96E+17 

1.22E+17 

2.03E+17 

I.36E+20 

1.00 

2.00E+17 

1.5 

217 

1.33E+20 

5.34E+17 

5.96EM7 

1.22EM7 

2.03E+17 

1.36E+20 

1.00 

1.88E+17 

1.5 

21B 

1.51E+20 

6.05E+17 

7.62E+17 

1.57E+17 

2.62E+17 

1.54E+20 

1.04 

2.65E+17 

1.5 

219 

1.51E+20 

6.05E+17 

7. 62E+17 

1.57E+17 

2.62E+17 

1.54E+20 

1.04 

2.48E+17 

1.5 

220 

1.51E+20 

6.05E+17 

7.62E+17 

1.57E+17 

2.62E+17 

1.54E+20 

1.04 

2.32E+17 

1.5 

.4 

221 

1.51E+20 

6.05E+17 

7.62EH7 

1.57E+17 

2.62E+17 

1.54E+20 

1.04 

2.15EM7 

1.5 

222 

1 . 76E+20 

7.05E+17 

1.03E+18 

2.15E+17 

3.58E+17 

1.B0E+20 

1.10 

3.26E+17 

1.5 

■/% 

223 

1.76E+20 

7.05E+17 

1.03E+18 

2.15E+17 

3.58E+17 

1.80E+20 

1.10 

3.02E+17 

1.5 

•>> 

224 

1.76E+20 

7.05E+17 

1.03E+18 

2.15E+I7 

3.5BE+17 

1.80E+20 

1.10 

2.79E+17 

1.5 

v/- 

225 

2.05E+20 

8.19E+17 

1.38E+18 

2.92E+17 

4.87E+17 

2.09E+20 

1.15 

3.91EM7 

1.5 

v;  / 

.  ••  V 

226 

2.05E+20 

B.19E+17 

1.38E+1B 

2.92E+17 

4.87E+17 

2.09E+20 

1.15 

3.5BE+17 

1.5 

227 

2.05E+20 

8. 19E+17 

1.38EM8 

2.92E+17 

4.87E+17 

2.09E+20 

1.15 

3.26E+17 

1.5 

228 

1.27E+20 

5.09E+17 

5.43E+17 

1.11E+17 

1.85E+17 

1.29E+20 

1.04 

1.88E+17 

1.5 

229 

1.27E+20 

5.09E+17 

5.43E+17 

1.11E+17 

1.B5E+17 

1.29E+20 

1.04 

1.76E+17 

1.5 

S>£ 

230 

1.4BE+20 

5.94E+17 

7.34E+17 

1.51E+17 

2.52E+17 

1.51E+20 

1.10 

2.64E+17 

1.5 

231 

1.48E+20 

5.94E+17 

7.34E+17 

1.51E+17 

2.52E+17 

1.51E+20 

1.10 

2.47E+17 

1.5 

232 

1.48E+20 

5.94E+17 

7.34E+17 

1.51E+17 

2.52E+17 

1.51E+20 

1.10 

2.31E+17 

1.5 

233 

1 . 48E+20 

5.94E+17 

7. 34E+17 

1.51E+I7 

2.52E+17 

1.51E+20 

1.10 

2.14E+17 

1.5 

234 

1.72E+20 

6.90E+17 

9.85E+17 

2.06E+17 

3.43E+17 

1.76E+20 

1.15 

3.00E+17 

1.5 

235 

1.72E+20 

6.90E+17 

8.85E*17 

2.06E+17 

3.43E+17 

1.76E+20 

1.15 

2.77E+17 

1.5 

•VS.-' 

236 

1 . 72E+20 

6.90E+17 

9.85E+17 

2.Q6E+17 

3.43E+17 

1.76E+20 

1.15 

2.54E+17 

1.5 

237 

2.03E+20 

8.UE+17 

1.35E+18 

2.86E+I7 

4.76E+17 

2.07E+20 

1.20 

3.64E+17 

1.5 

238 

2.03E+20 

8. 11E+17 

1.35E+18 

2.86E+17 

4.76E+17 

2.07E+20 

1.20 

3.31E+17 

1.5 

r 

239 

1.23E+20 

4.91E+17 

5.06EM7 

1.03E+17 

1.72E+17 

1 . 25E+20 

1.10 

1.81EM7 

t.5 

240 

1 . 23E+20 

4.91E+17 

5.06E+17 

1.03E+17 

1.72E+17 

1.25E+20 

1.10 

1.70E+17 

1.5 

Vv  * 

241 

1.43E+20 

5.71EM7 

6.81E+17 

1.40E+I7 

2.34E+17 

1.45E+20 

1.15 

2.38EM7 

1.5 

242 

1.43E+20 

5.71E+17 

6.81EM7 

1.40E+17 

2.34E+17 

1.45E+20 

1.15 

2.22E+17 

1.5 

243 

1.43E+20 

5.71E+17 

6.81E+17 

1.40E+17 

2.34E+17 

I.45E+20 

1.15 

2.06EH7 

1.5 

Table  A-5  (coat.) 


* 

* 

* 


1 

P  dt 

chuj 

*P 

P  ddt 
[MU] 

35  CkeVl 

1 

688.2 

1.8 

157.7 

2 

559.6 

1.8 

128.2 

3 

448.0 

1.8 

102.6 

4 

623.4 

1.8 

142.8 

5 

513.6 

1.8 

117.7 

6 

727.5 

1.8 

166.7 

7 

591.5 

1.8 

135.5 

8 

473.6 

1.8 

108.5 

9 

711.7 

1.8 

163.1 

10 

559.8 

1.8 

128.2 

11 

431.2 

1.8 

98.8 

12 

643.6 

1.8 

147.5 

13 

530.3 

1.8 

121.5 

14 

431.2 

1.8 

98.8 

15 

648.3 

1.8 

148.5 

16 

519.1 

1.8 

118.9 

17 

408.3 

1.8 

93.5 

18 

613.2 

1.8 

140.5 

19 

472.3 

1.8 

108.2 

20 

686.2 

1.8 

157.2 

21 

565.4 

1.8 

129.5 

22 

459.7 

1.8 

105.3 

23 

553.2 

1.8 

126.7 

24 

435.1 

1.8 

99.7 

25 

516.6 

1.8 

118.4 

26 

470.6 

1.8 

107.8 

27 

583.1 

1.8 

133.6 

28 

474.1 

1.8 

108.6 

29 

460.6 

1.8 

105.5 

30 

466.2 

1.8 

106.8 

31 

482.2 

1.8 

110.5 

32 

451.3 

1.8 

103.4 

30  CkeVl 

101 

766.5 

1.8 

175.6 

102 

623.2 

1.8 

142.8 

103 

499.00 

1.8 

114.30 

104 

694.10 

t.8 

159.00 

105 

571.90 

1.8 

131.00 

106 

465.00 

1.8 

106.50 

fp 

P  dd3 
[MU] 

P  d3 
[HU1 

fp 

P  tt 
[HU] 

P  wl  tot 
[RU/i21 

P  wl  dt 
[HU/i2] 

1.8 

134.4 

2.5 

51.7 

1.69 

0.011 

0.362 

0.306 

1.8 

109.3 

2.5 

42.0 

1.69 

0.009 

0.338 

0.286 

1.8 

87.5 

2.5 

33.7 

1.69 

0.007 

0.314 

0.265 

1.8 

121.7 

2.5 

40.8 

1.69 

0.010 

0.288 

0.244 

1.8 

100.3 

2.5 

33.7 

1.69 

0.009 

0.270 

0.228 

1.8 

142.1 

2.5 

53.6 

1.69 

0.012 

0.358 

0.303 

1.8 

115.5 

2.5 

43.6 

1.69 

0.010 

0.334 

0.282 

1.8 

92.5 

2.5 

34.9 

1.69 

0.008 

0.310 

0.262 

1.8 

139.0 

2.5 

60.4 

1.69 

0.012 

0.435 

0.368 

1.8 

109.3 

2.5 

47.5 

1.69 

0.009 

0.402 

0.340 

1.8 

84.2 

2.5 

36.6 

1.69 

0.007 

0.368 

0.311 

1.8 

125.7 

2.5 

40.9 

1.69 

0.011 

0.278 

0.235 

1.8 

103.6 

2.5 

33.7 

1.69 

0.009 

0.261 

0.221 

1.8 

84.2 

2.5 

27.4 

1.69 

0.007 

0.243 

0.206 

1.8 

126.6 

2.5 

47.5 

1.69 

0.011 

0.342 

0.289 

1.8 

101.4 

2.5 

38.0 

1.69 

0.009 

0.317 

0.268 

1.8 

79.7 

2.5 

29.9 

1.69 

0.007 

0.293 

0.248 

1.8 

119.8 

2.5 

51.7 

1.69 

0.010 

0.410 

0.347 

1.8 

92.3 

2.5 

39.8 

1.69 

0.008 

0.376 

0.318 

1.8 

134.0 

2.5 

42.8 

1.69 

0.011 

0.277 

0.234 

1.8 

110.4 

2.5 

35.3 

1.69 

0.009 

0.260 

0.220 

1.8 

89.8 

2.5 

28.7 

1.69 

0.008 

0.242 

0.205 

1.8 

108.0 

2.5 

39.7 

1.69 

0.009 

0.315 

0.266 

1.8 

85.0 

2.5 

31.3 

1.69 

0.007 

0.291 

0.246 

1.8 

100.9 

2.5 

43.1 

1.69 

0.009 

0.382 

0.323 

1.8 

91.9 

2.5 

24.5 

1.69 

0.008 

0.190 

0.161 

1.8 

113.9 

2.5 

35.1 

1.69 

0.010 

0.249 

0.211 

1.8 

92.6 

2.5 

28.5 

1.69 

0.008 

0.233 

0.197 

1.8 

90.0 

2.5 

32.3 

1.69 

0.008 

0.286 

0.242 

1.8 

91.1 

2.5 

23.0 

1.69 

0.008 

0.175 

0.148 

1.8 

94.2 

2.5 

27.8 

1.69 

0.008 

0.220 

0.186 

1.8 

88.2 

2.5 

20.8 

1.69 

0.008 

0.158 

0.133 

1.8 

149.3 

2.8 

47.9 

1.72 

0.010 

0.403 

0.341 

1.8 

121.4 

2.8 

38.9 

1.72 

0.008 

0.376 

0.318 

1.8 

97.21 

2.8 

31.17 

1.72 

0.006 

0.349 

0.296 

1.8 

135.20 

2.8 

37.75 

1.72 

0.009 

0.321 

0.271 

1.8 

111.40 

2.8 

31.11 

1.72 

0.007 

0.301 

0.254 

1.8 

90.59 

2.8 

25.29 

1.72 

0.006 

0.281 

0.237 

Table  A-5  (cont . ) 


t 

P  dt 
[HU] 

fp 

P  ddt 
(HU] 

fp 

P  dd3 
[HU] 

fp 

P  d3 
(HU] 

fp 

P  tt 
(HU] 

P  wl  tot 
[HU/i2] 

P  wl  dt 
(HU/»23 

107 

310.30 

1.8 

185.60 

1.8 

157.90 

2.8 

49.61 

1.72 

0.010 

0.398 

0.337 

108 

658.80 

1.8 

150.90 

1.8 

128.30 

2.8 

40.33 

1.72 

0.008 

0.372 

0.315 

109 

527.4 

1.8 

120.8 

1.3 

102.8 

2.8 

32.3 

1.72 

0.00.7' 

0.005 

•  0.345 

0.292 

110 

414.80 

1.8 

95.05 

1.8 

80.82 

2.8 

25.40 

1.72 

01319 

0.270 

111 

792.70 

1.8 

181.60 

1.8 

154.40 

2.8 

56.02 

1.72 

0.010 

0.484 

0.410 

112 

623.50 

1.8 

142.90 

1.8 

121.50 

2.8 

44.06 

1.72 

0.008 

0.447 

0.378 

113 

480.30 

1.8 

110.00 

1.8 

93-56 

2.8 

33.94 

1.72 

0.006 

0.410 

0.347 

114 

505.70 

1.8 

115.90 

1.8 

98.52 

2.8 

23.65 

1.72 

0.006 

0.234 

0.198 

115 

716.70 

1.8 

164.20 

1.8 

139.60 

2.8 

37.77 

1.72 

0.009 

0.310 

0.262 

li6 

590.50 

1.8 

135.30 

1.8 

115.00 

2.8 

31.12 

1.72 

0.008 

0.290 

0.246 

117 

480.10 

1.8 

110.00 

1.8 

93.54 

2.8 

25.30 

1.72 

0.006 

0.271 

0.229 

118 

722.00 

1.8 

165.40 

1.8 

140.70 

2.8 

43.98 

1.72 

0.009 

0.380 

0.322 

119 

578.10 

1.8 

132.40 

1.8 

112.60 

2.8 

35.22 

1.72 

0.007 

0.353 

0.299 

120 

454.70 

1.8 

104.20 

1.8 

88.58 

2.8 

27.70 

1.72 

0.006 

0.326 

0.276 

121 

683.00 

1.8 

156.50 

1.8 

133.10 

2.8 

47.92 

1.71 

0.009 

0.456 

0.386 

122 

526.10 

1.8 

120.50 

1.8 

102.50 

2.8 

36.91 

1.71 

0.007 

0.418 

0.354 

123 

507.80 

1.8 

116.30 

1.8 

98.94 

2.8 

22.70 

1.72 

0.007 

0.219 

0.186 

124 

764.10 

1.8 

175.10 

1.8 

148.90 

2.8 

39.54 

1.72 

0.010 

0.308 

0.261 

125 

629.60 

1.8 

144.30 

1.8 

122.70 

2.8 

32.58 

1.72 

0.008 

0.289 

0.244 

126 

511.90 

1.8 

117.30 

1.8 

99.73 

2.8 

26.49 

1.72 

0.007 

0.270 

0.228 

127 

409.90 

1.8 

93.90 

1.8 

79.85 

2.8 

21.21 

1.72 

0.005 

0.250 

0.212 

128 

616.10 

1.8 

141.20 

1.8 

120.00 

2.8 

36.78 

1.71 

0.008 

0.351 

0.297 

129 

484.60 

1.8 

111.00 

1.8 

94.40 

2.8 

28.93 

1.71 

0.006 

0.324 

0.274 

130 

575.50 

1.8 

131.80 

1.8 

112.10 

2.8 

39.97 

1.71 

0.007 

0.426 

0.360 

131 

432.40 

1.8 

99.06 

1.8 

84.23 

2.8 

30.03 

1.71 

0.006 

0.387 

0.327 

132 

523.90 

1.8 

120.00 

1.8 

102.10 

2.8 

22.63 

1.72 

0.007 

0.211 

0.179 

133 

431.70 

1.8 

98.90 

1.8 

84.10 

2.8 

18.65 

1.72 

0.006 

0.198 

0.168 

134 

649.30 

1.8 

148.80 

1.8 

126.50 

2.8 

32.41 

1.71 

0.008 

0.278 

0.235 

135 

527.90 

1.8 

120.90 

1.8 

102.80 

2.8 

26.35 

1.71 

0.007 

0.259 

0.219 

136 

422.60 

1.8 

96.83 

1.8 

82.34 

2.8 

21.10 

1.71 

0.005 

0.241 

0.204 

137 

512.90 

1.8 

117.50 

1.8 

99.92 

2.8 

29.84 

1.71 

0.007 

0.319 

0.270 

138 

519.10 

1.8 

118.90 

1.8 

101.10 

2.8 

21.21 

1.71 

0.007 

0.195 

0.165 

139 

427.70 

1.8 

97.99 

1.8 

83.32 

2.3 

17.48 

1.71 

0.005 

0.183 

0.155 

140 

536.90 

1.8 

123.00 

1.8 

104.60 

2.8 

25.62 

1.71 

0.007 

0.245 

0.207 

141 

429.80 

1.3 

98.48 

1.8 

83.74 

2.8 

20.51 

1.71 

0.006 

0.228 

0.193 

142 

502.40 

1.8 

115.10 

1.8 

97.89 

2.8 

19.16 

1.71 

0.006 

0.176 

0.149 

143 

414.00 

1.8 

94.85 

1.8 

80.66 

2.8 

15.78 

1.71 

0.005 

0.165 

0.139 

25  CkeV] 

201 

857.50 

1.9 

196.50 

1.9 

166.40 

3.1 

40.82 

1.76 

0.008 

0.451 

0.381 

202 

697.10 

1.9 

159.70 

1.9 

135.30 

3.1 

33.19 

1.76 

0.007 

0.421 

0.356 

Table  A-5  (cont .  ) 


t  p  wl  d3  <  v>  dt  <  v>  ddt  <  v>  dd3  <  v>  d3  <  v>  tt  S  Bt  lax 
CHU/121  Ca3/sl  («3/sl  Ca3/sl  Ca3/s)  ta3/sl  Ca2}  [II 


35  tlceVl 


1 

0.056 

7.48E-22 

6.00E-24 

2 

0.052 

7.48E-22 

6.00E-24 

3 

0.048 

7.48E-22 

6.00E-24 

4 

0.044 

7.48E-22 

6.00E-24 

5 

0.042 

7.48E-22 

6.00E-24 

6 

0.055 

7.48E-22 

6.00E-24 

7 

0.052 

7.48E-22 

6.00E-24 

8 

0.048 

7.48E-22 

6.00E-24 

9 

0.067 

7.49E-22 

6.01E-24 

10 

0.062 

7.49E-22 

6.01E-24 

11 

0.057 

7.49E-22 

6.01E-24 

12 

0.043 

7.48E-22 

6.00E-24 

13 

0.040 

7.48E-22 

6.00E-24 

14 

0.038 

7.48E-22 

6.00E-24 

15 

0.053 

7.49E-22 

6.01E-24 

16 

0.049 

7.49E-22 

6.01E-24 

17 

0.045 

7.49E-22 

6.01E-24 

18 

0.063 

7.49E-22 

6.01E-24 

19 

0.058 

7.49E-22 

6.01E-24 

20 

0.043 

7.49E-22 

6.01E-24 

21 

0.040 

7.49E-22 

6.01E-24 

22 

0.037 

7.49E-22 

6.01E-24 

23 

0.049 

7.49E-22 

6.01E-24 

24 

0.045 

7.49E-22 

6.01E-24 

25 

0.059 

7.49E-22 

6.01E-24 

26 

0.029 

7.49E-22 

6.01E-24 

27 

0.039 

7.49E-22 

6.01E-24 

28 

0.036 

7.49E-22 

6.01E-24 

29 

0.044 

7.49E-22 

6.01E-24 

30 

0.027 

7.49E-22 

6.01E-24 

31 

0.034 

7.49E-22 

6.01E-24 

32 

0.024 

7.49E-22 

6.01E-24 

30  [ktV] 

101 

0.062 

6.73E-22 

4.78E-24 

102 

0.058 

6.73E-22 

4.78E-24 

103 

0.054 

6.73E-22 

4.78E-24 

104 

0.049 

6.73E-22 

4.78E-24 

105 

0.046 

6.73E-22 

4.7BE-24 

106 

0.043 

5.73E-22 

4.78E-24 

6.27E-24 

2.28E-23 

5.60E-24 

1802 

13.4 

6.27E-24 

2.28E-23 

5.60E-24 

1570 

13.4 

6.27E-24 

2.28E-23 

5.60E-24 

1354 

13.4 

6.27E-24 

2.28E-23 

5.60E-24 

2050 

12.5 

6.27E-24 

2.2BE-23 

5.60E-24 

1802 

12.5 

6.27E-24 

2.29E-23 

5.60E-24 

1927 

13.0 

6.27E-24 

2.29E-23 

5.60E-24 

1679 

13.0 

6.27E-24 

2.29E-23 

5.60E-24 

1448 

13.0 

6.27E-24 

2.29E-23 

5.60E-24 

1551 

13.7 

6.27E-24 

2.29E-23 

5.60E-24 

1321 

13.7 

6.27E-24 

2.29E-23 

5.60E-24 

1110 

13.7 

6.27E-24 

2.29E-23 

5.60E-24 

2193 

12.0 

6.27E-24 

2.29E-23 

5.60E-24 

1927 

12.0 

6.27E-24 

2.29E-23 

5.60E-24 

1679 

12.0 

6.27E-24 

2.29E-23 

5.60E-24 

1799 

12.6 

6.27E-24 

2.29E-23 

5.60E-24 

1551 

12.6 

6.27E-24 

2.29E-23 

5.60E-24 

1321 

12.6 

6.28E-24 

2.29E-23 

5.60E-24 

1418 

13.3 

6.28E-24 

2.29E-23 

5.60E-24 

1192 

13.3 

6.27E-24 

2.29E-23 

5.60E-24 

2349 

11.6 

6.27E-24 

2.29E-23 

5.60E-24 

2065 

11.6 

6.27E-24 

2.29E-23 

5.60E-24 

1799 

11.6 

6.28E-24 

2.29E-23 

5.60E-24 

1664 

12.2 

6.28E-24 

2.29E-23 

5.60E-24 

1418 

12.2 

6.28E-24 

2.29E-23 

5.60E-24 

1281 

13.1 

6.27E-24 

2.29E-23 

5.60E-24 

2349 

10.5 

6.28E-24 

2.29E-23 

5.60E-24 

2216 

11.1 

6.28E-24 

2.29E-23 

5.60E-24 

1930 

11.1 

6.2BE-24 

2.29E-23 

5.60E-24 

1525 

11.9 

6.28E-24 

2.29E-23 

5.60E-24 

2521 

10.0 

6.28E-24 

2.29E-23 

5.60E-24 

2075 

10.7 

6.28E-24 

2.29E-23 

5.60E-24 

2711 

9.5 

4.97E-24 

1.46E-23 

4.56E-24 

1802 

13.4 

4.97E-24 

1.46E-23 

4.56E-24 

1570 

13.4 

4.97E-24 

1.46E-23 

4.56E-24 

1354 

13.4 

4.97E-24 

1.46E-23 

4.56E-24 

2050 

12.5 

4.97E-24 

1.46E-23 

4.56E-24 

1802 

12.5 

4.97E-24 

1.46E-23 

4.56E-24 

1570 

12.5 

Table  A-5  (cont.) 


«  P  t»I  d3  <  v>  dt  <  v>  ddt  <  v>  dd3  <  v>  d3  <  v>  tt  S  Bt  aax 
CHU/12J  Ca3/sl  (a3/s)  Ca3/sl  Cb3/s1  Ca3/sl  t»21  CT1 


107 

0.061 

6.73E-22 

4.78E-24 

108 

0.057 

6.73E-22 

4.78E-24 

109 

0.053 

6.73E-22 

4.78E-24 

no 

0.049 

6.73E-22 

4.78E-24 

111 

0.075 

6.73E-22 

4.78E-24 

112 

0.069 

6.73E-22 

4.78E-24 

113 

0.063 

6.73E-22 

4.78E-24 

114 

0.036 

6.73E-22 

4.78E-24 

US 

0.048 

6.73E-22 

4.78E-24 

lie 

0.045 

6.73E-22 

4.78E-24 

117 

0.042 

6.73E-22 

4.78E-24 

118 

0.059 

6.73E-22 

4. 78E-24 

119 

0.054 

6.73E-22 

4.78E-24 

120 

0.050 

6.73E-22 

4.78E-24 

121 

0.070 

6.73E-22 

4.78E-24 

122 

0.064 

6.73E-22 

4.78E-24 

123 

0.034 

6.73E-22 

4.78E-24 

124 

0.047 

6.73E-22 

4.7BE-24 

125 

0.045 

6.73E-22 

4.78E-24 

12E 

0.042 

6.73E-22 

4.78E-24 

127 

0.039 

6.73E-22 

4.78E-24 

128 

0.054 

6.73E-22 

4.78E-24 

129 

0.050 

6.73E-22 

4.78E-24 

130 

0.066 

6.73E-22 

4.78E-24 

131 

0.060 

6.73E-22 

4.78E-24 

132 

0.033 

6.73E-22 

4.78E-24 

133 

0.031 

6.73E-22 

4.78E-24 

134 

0.043 

6.73E-22 

4.78E-24 

13S 

0.040 

6.73E-22 

4.78E-24 

136 

0.037 

6.73E-22 

4.78E-24 

137 

0.049 

6.73E-22 

4.78E-24 

138 

0.030 

6.73E-22 

4.78E-24 

139 

0.028 

6.73E-22 

4.78E-24 

140 

0.038 

6.73E-22 

4.7BE-24 

141 

0.035 

6.73E-22 

4.78E-24 

142 

0.027 

6.73E-22 

4.78E-24 

143 

0.025 

6.73E-22 

4.78E-24 

Ck«Vl 

201 

0.069 

5.68E-22 

3.58E-24 

202 

0.065 

5.68E-22 

3.58E-24 

4.97E-24 

1.46E-23 

4.56E-24 

1927 

13.0 

4.97E-24 

1.46E-23 

4.56E-24 

1679 

13.0 

4.97E-24 

1.46E-23 

4.56E-24 

1448 

13.0 

4.97E-24 

1.46E-23 

4.56E-24 

1234 

13.0 

4.97E-24 

1.46E-23 

4.56E-24 

1551 

13.7 

4.97E-24 

1.46E-23 

4.56E-24 

1321 

13.7 

4.97E-24 

1.46E-23 

4.56E-24 

1110 

13.7 

4.97E-24 

1.46E-23 

4.56E-24 

2050 

11.5 

4.97E-24 

1.46E-23 

4.56E-24 

2193 

12.0 

4.97E-24 

1.46E-23 

4.56E-24 

1927 

12.0 

4.97E-24 

1.46E-23 

4.56E-24 

1679 

12.0 

4.97E-24 

1.46E-23 

4.56E-24 

1799 

12.6 

4.97E-24 

1.46E-23 

4.56E-24 

1551 

12.6 

4.97E-24 

1.46E-23 

4.56E-24 

1321 

12.6 

4.97E-24 

1.46E-23 

4.57E-24 

1418 

13.3 

4.97E-24 

1.46E-23 

4.57E-24 

1192 

13.3 

4.97E-24 

1.46E-23 

4.56E-24 

2193 

11.0 

4.97E-24 

1.46E-23 

4.56E-24 

2349 

11.6 

4.97E-24 

1.46E-23 

4.56E-24 

2065 

11.6 

4.97E-24 

1.46E-23 

4.56E-24 

1799 

11.6 

4.97E-24 

1.46E-23 

4.56E-24 

1551 

11.6 

4.97E-24 

1.46E-23 

4.57E-24 

1664 

12.2 

4.97E-24 

1.46E-23 

4.57E-24 

1418 

12.2 

4.97E-24 

1.46E-23 

4.57E-24 

1281 

13.1 

4.97E-24 

1.46E-23 

4.57E-24 

1059 

13.1 

4.97E-24 

1.46E-23 

4.56E-24 

2349 

10.5 

4.97E-24 

1.46E-23 

4.56E-24 

2065 

10.5 

4.97E-24 

1.46E-23 

4.57E-24 

2216 

11.1 

4.97E-24 

1.46E-23 

4.57E-24 

1930 

11.1 

4.97E-24 

1.46E-23 

4.57E-24 

1664 

11.1 

4.97E-24 

1.46E-23 

4.57E-24 

1525 

11.9 

4.97E-24 

1.46E-23 

4.57E-24 

2521 

10.0 

4.97E-24 

1.46E-23 

4.57E-24 

2216 

10.0 

4.97E-24 

1.46E-23 

4.57E-24 

2075 

10.7 

4.97E-24 

1.46E-23 

4.57E-24 

1789 

10.7 

4.97E-24 

1.46E-23 

4.57E-24 

2711 

9.5 

4.97E-24 

1.46E-23 

4.57E-24 

2382 

9.5 

3.70E-24 

8.24E-24 

3.53E-24 

1802 

13.4 

3.70E-24 

8.24E-24 

3.53E-24 

1570 

13.4 

Table  A-5  (cont . ) 


* 

P  vl  d3 
CHU/i21 

<  v>  dt 
C»3/sl 

<  v>  ddt 
t»3/sl 

<  v>  dd3 
[»3/sl 

<  v>  d3 
C«3/s 1 

<  v>  tt 
[•3/5] 

S 

(■21 

Bt  tax 
CT1 

203 

0.060 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1354 

13.4 

204 

0.055 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1153 

13.4 

205 

0.055 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

2050 

12.5 

206 

0.052 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1802 

12.5 

207 

0.048 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1570 

12.5 

20B 

0.045 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1354 

12.5 

209 

0.068 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1927 

13.0 

0.064 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1679 

13.0 

211 

0.059 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1448 

13.0 

0.055 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1234 

13.0 

213 

0.083 

5.6BE-22 

3.58E-24 

3. 70E-24 

8.25E-24 

3.53E-24 

1551 

13.7 

214 

0.077 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1321 

13.7 

215 

0.070 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1110 

13.7 

216 

0.040 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

2050 

11.5 

217 

0.038 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1802 

11.5 

21B 

0.053 

5.68E-22 

3.58E-24 

3. 70E-24 

8.24E-24 

3.53E-24 

2193 

12.0 

219 

0.050 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1927 

12.0 

0.046 

5.68E-22 

3.58E-24 

3.70C-24 

8.24E-24 

3.53E-24 

1679 

12.0 

221 

0.043 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1448 

12.0 

0.065 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1799 

12.6 

223 

0.061 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1551 

12.6 

224 

0.056 

5.68E-22 

3.5BE-24 

3.70E-24 

8.25E-24 

3.53E-24 

1321 

12.6 

225 

0.078 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1418 

13.3 

226 

0.072 

5.68E-22 

3.59E-24 

3.70E-24 

B.25E-24 

3.53E-24 

1192 

13.3 

227 

0.065 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

985 

13.3 

228 

0.038 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

2193 

11.0 

229 

0.035 

5.68E-22 

3.58E-24 

3.70E-24 

8.24E-24 

3.53E-24 

1927 

11.0 

0.053 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

2349 

11.6 

231 

0.050 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

2065 

11.6 

232 

0.046 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1799 

11.6 

233 

0.043 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1551 

11.6 

234 

0.060 

5.68E-22 

3.59E-24 

3.70E-24 

B.25E-24 

3.53E-24 

1664 

12.2 

235 

0.056 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1418 

12.2 

236 

0.051 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1192 

12.2 

237 

0.073 

5.68E-22 

3.59E-24 

3.71E-24 

8.26E-24 

3.53E-24 

1281 

13.1 

238 

0.066 

5.68E-22 

3.59E-24 

3.71E-24 

8.26E-24 

3.53E-24 

1059 

13.1 

239 

0.036 

5.68E-22 

3.58E-24 

3.70E-24 

8.25E-24 

3.53E-24 

2349 

10.5 

0.034 

5.68E-22 

3.5BE-24 

3.70E-24 

B.25E-24 

3.53E-24 

2065 

10.5 

241 

0.048 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

2216 

11.1 

242 

0.044 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1930 

11.1 

243 

0.041 

5.68E-22 

3.59E-24 

3.70E-24 

8.25E-24 

3.53E-24 

1664 

11.1 

Table  A-6:  Results  -  Plasma  Power  Balance 


HEO-ALCATQR  Pfeiffer-Ualtx  SMS  (Hirnov)  ASDEK  Soldston-Kaye 


t 

P  aux 
CHU1 

8  plasia 
tP  o/P  il 

P  aux 

cnui 

Q  plasia 

CP  o/P  i] 

P  aux 

cmn 

6  plasia 
[P  o/P  il 

P  aux 
CHU1 

6  plasia 

CP  o/P  il 

P  aux 
[HUl 

Q  plasia 
CP  o/P  il 

35  IkeVl 
i  -83.6 

-15.2 

832.5 

1.5 

31.5 

40.3 

-55.0 

-23.1 

167.2 

7.6 

2 

-42.5 

-24.3 

845.8 

1.2 

41.0 

25.2 

-24.5 

-42.2 

172.5 

6.0 

3 

-7.0 

-118.8 

852.4 

1.0 

47.2 

17.5 

0.5 

1662.4 

173.4 

4.8 

4 

-58.2 

-19.6 

869.6 

1.3 

70.5 

16.2 

-31.3 

-36.6 

205.8 

5.6 

5 

-24.1 

-39.1 

877.5 

1.1 

73.4 

12.8 

-6.9 

-135.9 

205.2 

4.6 

6 

-88.3 

-15.2 

881.7 

1.5 

23.3 

57.5 

-64.0 

-21.0 

151.3 

8.9 

7 

-45.0 

-24.2 

895.6 

1.2 

34.7 

31.5 

-31.4 

-34.7 

159.3 

6.8 

8 

-7.6 

-115.4 

902.3 

1.0 

42.3 

20.6 

-4.7 

-184.9 

162.4 

5.4 

9 

-81.4 

-16.2 

902.5 

1.5 

-17.3 

-76.5 

-69.4 

-19.0 

96.2 

13.7 

10 

-31.8 

-32.7 

917.5 

1.1 

1.6 

633.4 

-31.7 

-32.7 

111.1 

9.3 

11 

10.1 

78.9 

922.9 

0.9 

15.2 

52.5 

-1.8 

-438.0 

119.4 

6.7 

12 

-56.6 

-20.9 

924.6 

1.3 

67.4 

17.5 

-34.8 

-33.9 

194.3 

6.1 

13 

-21.5 

-45.2 

931.9 

1.0 

71.0 

13.7 

-9.7 

-100.6 

195.3 

5.0 

14 

9.1 

86.6 

933.6 

0.9 

72.1 

11. 0 

11.1 

71.4 

192.7 

4.1 

15 

-55.0 

-21.7 

944.7 

1.3 

23.8 

50.2 

-44.0 

-27.2 

136.9 

8.7 

16 

-14.0 

-68.5 

953.2 

1.0 

34.1 

28.0 

-14.0 

-68.2 

144.1 

6.6 

17 

21.1 

35.7 

954.0 

0.8 

40.8 

18.5 

10.0 

75.6 

146.5 

5.1 

18 

-40.4 

-28.2 

970.5 

1.2 

-11.6 

-97.8 

-45.3 

-25.1 

87.8 

12.9 

19 

5.5 

159.4 

977.5 

0.9 

5.4 

163.3 

-11.7 

-74.6 

100.9 

8.7 

20 

-61.3 

-20.5 

979.9 

1.3 

61.3 

20.5 

-43.0 

-29.3 

174.5 

7.2 

21 

-24.0 

-43.2 

987.8 

1.1 

66.3 

15.6 

-15.8 

-65.4 

178.3 

5.8 

22 

8.6 

98.5 

989.6 

0.9 

68.7 

12.3 

6.6 

128.3 

178.3 

4.7 

23 

-15.6 

-65.2 

1012.7 

1.0 

26.7 

38.1 

-21.7 

-46.9 

125.9 

8.1 

24 

21.6 

37.1 

1013.7 

0.8 

35.2 

22.8 

4.3 

187.6 

131.3 

6.1 

25 

0.9 

1100.3 

1038.2 

0.9 

-6.3 

-153.1 

-23.3 

-41.1 

78.5 

12.2 

26 

8.8 

97.8 

1028.7 

0.8 

107.0 

8.0 

12.2 

70.1 

217.2 

4.0 

27 

-19.9 

-53.5 

1053.9 

1.0 

63.2 

16.9 

-19.0 

-56.2 

162.3 

6.6 

28 

13.4 

64,6 

1054.7 

0.8 

66.3 

13.1 

4.2 

207.4 

164.2 

5.3 

29 

23.6 

35.9 

1080.4 

0.8 

29.0 

29.2 

-1.8 

-480.0 

113.4 

7.5 

30 

19.5 

43.5 

1099.6 

0.8 

108.3 

7.8 

14.3 

59.4 

205.1 

4.1 

31 

21.3 

41.4 

1128.0 

0.8 

64.1 

13.8 

2.6 

339.6 

148.2 

6.0 

32 

34.4 

23.8 

1179.1 

0.7 

109.9 

7.5 

17.9 

45.9 

191.2 

4.3 

30  CkeV] 

101  -92.1 

-15.2 

707.3 

2.0 

41.4 

33.9 

-45.1 

-31.1 

142.4 

9.9 

102 

-52.6 

-21.7 

722.6 

1.6 

49.4 

23.1 

-16.1 

-70.9 

149.5 

7.6 

103 

-18.4 

-49.6 

731.6 

1.3 

54.2 

16.8 

7.5 

121.1 

152.2 

6.0 

104 

-68.3 

-18.5 

741.3 

1.7 

79.0 

16.0 

-22.8 

-55.4 

178.3 

7.1 

105 

-35.4 

-29.5 

751.4 

1.4 

80.6 

12,9 

0.3 

3295.5 

179.7 

5.8 

106 

-6.6 

-127.9 

756.3 

1.1 

80.1 

10.6 

19.3 

44.0 

177.8 

4.8 

xxxxxxx- 


«y>vvv\  i 


LWWfl  V  >  ■  V- M  TTTTirrT 

7  *Vf  lw  TT7TT!  TT  H 

wwit} 

*77T77 

m1” 

/  W  ’ 

7 

w  *  v 

«! — j 

131 

•Jw1! 

Table  A 

-6  (cont. 

nao- 

) 

■ALCATOR 

Pfei f fer-ttalt 

6HS  (Hirnov) 

ASDEX 

6oldston-Kaya 

■T  i 

» 

P  brea 

P  part 

Tau  e 

P  tr 

Tau  e 

P  tr 

Tau  a 

P  tr 

Tau  a 

P  tr 

Tau  e 

P  tr 

[HU1 

[HU] 

[S] 

CHUl 

Is] 

[HU] 

[S] 

[HU] 

[S] 

[HU] 

[si 

[HU] 

35  CkeV] 

1 

157.3 

380.7 

53.5 

139.8 

7.1 

1055.9 

29.4 

254.9 

44.4 

168.4 

19.2 

390.6 

L  •  M**  *,  J 

2 

127.9 

309.5 

43.7 

139.2 

5.9 

1027.5 

27.3 

222.7 

38.7 

157.1 

17.2 

354.2 

3 

102.4 

247.8 

35.2 

138.5 

4.9 

997.8 

25.3 

192.6 

33.4 

145.9 

15.3 

318.8 

4 

141.5 

338.8 

56.3 

139.1 

7.3 

1066.9 

29.2 

267.8 

47.2 

166.0 

19.4 

403.1 

5 

116.6 

279.1 

46.6 

138.5 

6.2 

1040.0 

27.3 

236.0 

41.4 

155.6 

17.5 

367.8 

1  _ 

6 

166.1 

401.3 

55.0 

147.0 

7.2 

1116.9 

31.2 

258.6 

47.2 

171.2 

20.9 

386.6 

7 

135.0 

326.3 

44.9 

146.3 

6.0 

1086.9 

29.1 

225.9 

41.1 

159.8 

18.7 

350.5 

8 

108.1 

261.2 

36.1 

145.6 

5.0 

1055.5 

26.9 

195.4 

35.4 

148.4 

16.7 

315.6 

9 

163.8 

400.5 

43.8 

155.3 

6.0 

1139.2 

31.0 

219.5 

40.6 

167.4 

20.4 

333.0 

WsfcS 

10 

128.8 

315.0 

34.6 

154. 5 

4.9 

1103.7 

28.5 

187.9 

34.6 

154.5 

18.0 

297.3 

11 

99.2 

242.7 

26.8 

153.6 

3.9 

1066.3 

26.0 

158.7 

29.1 

141.6 

15.7 

262.9 

12 

145.9 

348.5 

57.2 

146.1 

7.4 

1127.2 

30.9 

270.0 

49.8 

167.8 

21.0 

397.0 

v.  < 
\V.VV 

13 

120.2 

287.1 

47.3 

145.5 

6.3 

1098.8 

28.9 

237.9 

43.8 

157.3 

19.0 

362.2 

-  -  -  •  v 
•  *  •  v 

,V,\V. 

14 

97.7 

233.5 

38.6 

144.9 

5.2 

1069.3 

26.9 

207.8 

38.1 

146.8 

17.0 

328.4 

15 

148.0 

357.4 

46.9 

154.5 

6.3 

1154.1 

31.0 

233.2 

43.7 

165.5 

20.9 

346.3 

*.■  *; 

c  s. 

IS 

118.5 

286.1 

37.7 

153.7 

5.2 

1120.8 

28.7 

201.8 

37.7 

153.6 

18.6 

311.8 

17 

93.2 

225.1 

29.8 

152.9 

4.2 

1085.9 

26.4 

172.6 

32.1 

141. B 

16.4 

278.4 

18 

141.1 

344.7 

36.2 

163.3 

5.0 

1174.2 

30.8 

192.1 

37.3 

158.4 

20.3 

291.5 

-'Wv' 

19 

20 

108.7 

155.4 

265.5 

370.8 

28.0 

58.9 

162.4 

154.1 

4.0 

7.6 

1134.4 

1195.3 

28.0 

32.8 

162.2 

276.7 

31.3 

52.7 

145.2 

172.4 

17.6 

23.3 

257.8 

389.8 

21 

128.1 

305.5 

48.7 

153.5 

6.4 

1165.2 

30.7 

243.8 

46.3 

161.6 

21.0 

355.7 

22 

104.1 

248.4 

39.8 

152.8 

5.4 

1133.9 

28.6 

213.0 

40.3 

150.9 

18.9 

322.6 

fiM*! 

■  _  »  i 

23 

24 

126.1 

99.2 

304.1 

239.2 

38.9 

30.7 

162.4 

161.6 

5.3 

4.3 

1190.7 

1153.7 

30.8 

28.3 

204.7 

175.2 

40.4 

34.4 

156.3 

144.3 

20.8 

18.3 

303.9 

271.3 

25 

118.8 

290.0 

29.2 

172.1 

4.2 

1209.4 

30.5 

165.0 

34.0 

148.0 

20.1 

249.7 

26 

105.8 

249.5 

49.2 

152.4 

6.4 

1172.3 

29.9 

250.7 

48.1 

155.9 

20.8 

360.9 

V\«  V 

27 

131.9 

313.6 

49.4 

162.0 

6.5 

1235.8 

32.7 

245.2 

49.2 

163.0 

23.3 

344.2 

28 

107.2 

255.1 

40.4 

161.3 

5.4 

1202.6 

30.4 

214.2 

42.8 

152.1 

20.9 

312.2 

k"  -  ^ 

29 

104.9 

252.4 

31.5 

171.1 

4.4 

1227.9 

30.6 

176.5 

37.0 

145.7 

20.7 

260.9 

30 

104.6 

245.9 

49.0 

160.7 

6.4 

1240.8 

31.6 

249.5 

50.6 

155.5 

22.7 

346.3 

31 

108.8 

258.2 

40.7 

170.7 

5.4 

1277.3 

32.5 

213.4 

45.7 

152.0 

23.3 

297.5 

32 

101.1 

236.5 

48.2 

169.9 

6.2 

1314.6 

33.4 

245.4 

53.4 

153.3 

25.1 

326.6 

30  [ktVl 

101 

198.0 

414.1 

60.3 

124.0 

8.1 

923.4 

29.1 

257.5 

43.7 

171.0 

20.9 

358.6 

102 

161.0 

336.7 

49.4 

123.2 

6.8 

898.4 

27.0 

225.2 

38.1 

159.6 

18.7 

325.3 

103 

128.9 

269.6 

39.8 

122.3 

5.6 

872.3 

25.0 

194.9 

32.9 

148.2 

16.6 

292.9 

104 

178.1 

369.4 

63.6 

123.0 

8.4 

932.6 

29.0 

270.3 

46.5 

168.5 

21.2 

369.7 

105 

146.8 

304.4 

52.8 

122.3 

7.1 

909.0 

27.1 

238.3 

40.8 

157.9 

19.1 

337.4 

106 

119.3 

247.5 

43.2 

121.5 

5.9 

884.4 

25.2 

208.3 

35.6 

147.4 

17.1 

306.0 

TV  ’-’.K 

'■ .  .-.v; 

*,•  *„■  V 
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Table  A- 

t  P  bre» 
[HU] 

■6  (cont.) 

neo-ALCATOR 

P  part  Tau  e  P  tr 
[HU]  [s]  [HU] 

Pfeiffer -Ualt 
Tau  e  P  tr 
[s]  [HU] 

6H8  (Hirnov) 
Tau  e  P  tr 
[si  [HU] 

ASSET 

Tau  e  P  tr 
[s]  [HU] 

6oldston-Kaye 
Tau  e  P  tr 
[s]  [HU] 

107 

209.1 

436.8 

62.0 

130.3 

8.3 

976.6 

30.9 

261.3 

46.4 

174.0 

22.8 

355.0 

108 

170.0 

355.1 

SO. 8 

129.4 

6.9 

950.2 

28.8 

228.5 

40.4 

162.4 

20.4 

322.0 

109 

136.1 

284.3 

40.9 

128.5 

5.7 

922.6 

26.6 

197.8 

34.9 

150.8 

18.1 

290.0 

110 

107.1 

223.6 

32.4 

127.6 

4.6 

893.7 

24.4 

169.4 

29.7 

139.2 

16.0 

259.0 

111 

206.2 

434.8 

49.4 

137.8 

6.8 

996.4 

30.6 

222.5 

39.9 

170.3 

22.2 

306.6 

112 

162.2 

342.0 

39.1 

136.7 

5.5 

965.1 

28.1 

190.6 

34.0 

157.2 

19.5 

273.9 

113 

124.9 

263.4 

30.4 

135.6 

4.4 

932.3 

25.6 

161.2 

28.6 

144.1 

17.0 

242.3 

114 

129.0 

265.3 

55.0 

121.3 

7.3 

917.0 

26.8 

248.6 

43.1 

154.7 

19.3 

346.2 

115 

183.7 

380.2 

64.7 

129.1 

8.5 

985.2 

30.7 

272.5 

49.1 

170.3 

22.9 

364.2 

118 

151.3 

313.3 

53.6 

128.3 

7.2 

960.2 

28.7 

240.3 

43.1 

159.6 

20.7 

332.4 

117 

123.0 

254.7 

43.9 

127.6 

6.0 

934.3 

26.7 

210.0 

37.6 

149.0 

18.6 

301.4 

118 

186.3 

389.0 

53.0 

136.7 

7.2 

1009.0 

30.7 

235.9 

43.0 

168.2 

22.7 

318.4 

119 

149.2 

311.4 

42.7 

135.7 

5.9 

979.7 

28.4 

204.3 

37.1 

156.2 

20.2 

2B6.8 

120 

117.3 

245.0 

33.8 

134.8 

4.8 

949.0 

26.1 

175.0 

31.6 

144.2 

17.8 

256.2 

121 

177.6 

374.3 

40.9 

144.5 

5.8 

1026.7 

30.3 

195.0 

36.6 

161.3 

22.0 

268.9 

122 

136.8 

288.3 

31.7 

143.4 

4.6 

991.8 

27.6 

164.9 

30.8 

147.8 

19.1 

237.9 

123 

129.3 

265.4 

55.2 

127.2 

7.3 

967,3 

28.2 

248.9 

45.2 

155.2 

20.7 

339.1 

124 

195.7 

404.7 

66.7 

136.2 

8.7 

1044.7 

32.5 

279.3 

51.9 

175.0 

25.4 

357.8 

125 

161.2 

333.4 

55.3 

135.4 

7.4 

1018.2 

30.4 

246.2 

45.6 

164.1 

22.9 

326.6 

126 

131.1 

271.1 

45.2 

134.6 

6.1 

990.7 

28.3 

215.3 

39.7 

153.2 

20.5 

296.3 

127 

105.0 

217.1 

36.4 

133.8 

5.1 

962.0 

26.1 

186.3 

34.2 

142.2 

18.3 

266.8 

128 

158.8 

331.2 

44.0 

143.3 

6.1 

1040.7 

30.4 

207.4 

39.7 

159.0 

22.6 

279.7 

129 

124.9 

260.5 

34.9 

142.3 

4.9 

1008.2 

27.9 

177.6 

33.8 

146.7 

19.9 

249.9 

130 

149.5 

314.9 

33.1 

151.9 

4.8 

1057.3 

30.0 

167.8 

33.4 

150.8 

21.8 

230.8 

131 

112.3 

236.6 

25.1 

150.7 

3.7 

1018.0 

27.0 

139.8 

27.6 

137.1 

18.7 

201.9 

132 

133.2 

273.0 

56.0 

134.0 

7.3 

1023.9 

29.7 

252.9 

47.5 

158.0 

22.7 

330.9 

133 

109.8 

224.9 

46.4 

133.4 

6.2 

998.1 

27.7 

222.9 

41.7 

148.2 

20.5 

302.0 

134 

166.0 

342.6 

56.1 

142.8 

7.4 

1079.7 

32.3 

247.7 

48.4 

165.5 

25.3 

316.3 

135 

135.0 

278.6 

45.9 

142.0 

6.2 

1050.6 

30.1 

216.5 

42.2 

154.5 

22.7 

286.9 

136 

108.1 

223.0 

36.9 

141.1 

5.1 

1020.2 

27.8 

187.5 

36.4 

143.4 

20.2 

258.4 

137 

132.0 

274.9 

35.8 

150.7 

5.0 

1072.9 

30.1 

179.1 

36.4 

148.3 

22.4 

240.5 

138 

131.8 

269.2 

55.8 

141.2 

7.3 

1083.5 

31.3 

251.7 

49.9 

157.7 

24.8 

317.7 

139 

108.6 

221.8 

46.2 

140.5 

6.1 

1056.2 

29.3 

221.8 

43.9 

147.8 

22.4 

289.9 

140 

137.0 

282.1 

46.3 

150.0 

6.2 

1115.7 

32.2 

215.9 

45.0 

154.4 

25.4 

273.7 

141 

109.7 

225.9 

37.3 

149.2 

5.1 

1083.5 

29.7 

186.9 

38,8 

143.3 

22.6 

246.5 

142 

127.3 

259.2 

55.0 

149.0 

7.1 

1147.7 

33.1 

247.6 

52.7 

155.5 

27.3 

299.8 

143 

104.9 

213.6 

45.5 

148.3 

6.0 

1118.8 

30.9 

218.2 

46.3 

145.8 

24.7 

273.6 

25  [keV] 

201 

259.9 

450.4 

68.2 

109.7 

9.5 

790.1 

28.6 

261.6 

42.7 

175.1 

23.0 

325.7 

202 

211.3 

366.2 

56.1 

108.5 

7.3 

768.4 

26.6 

229.0 

37.2 

163.5 

20.6 

295.6 
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Table  A-6  (cont.) 


nto-ALCATOR  Pfei f f er-Wal t  6HS  (Hirnov) 


6oldston-Kaya 


» 

P  brt* 
[HU] 

P  part 
im 

Tau  « 
Is] 

P  tr 
(HU7 

Tau  « 
[si 

P  tr 
[HU! 

Tau  e 
[si 

P  tr 
[HU! 

Tau  a 
Is] 

P  tr 
[RU] 

Tau  e 
[S] 

P  tr 
[HU] 

203 

163.2 

293.2 

45.4 

107.4 

6.5 

745.8 

24.5 

198.5 

32.1 

151.8 

18.3 

266.3 

204 

133.1 

230.6 

36.1 

106.2 

5.3 

722.2 

22.5 

170.2 

27.3 

140.1 

16.1 

238.0 

205 

233.3 

402.9 

72.3 

108.3 

9.8 

797.4 

28.6 

274.0 

45.5 

172.2 

23.4 

335.2 

206 

132.7 

332.0 

60.1 

107.3 

8.3 

776.9 

26.7 

241.8 

40.0 

161.5 

21.1 

306.0 

207 

156.7 

269.9 

49.3 

106.3 

6.9 

755.7 

24.8 

211.5 

34.8 

150.7 

18.9 

277.7 

208 

125.4 

216.1 

39.9 

105.4 

5.7 

733.6 

22.9 

183.3 

30.0 

139.9 

16.3 

250.2 

208 

274.5 

475.2 

70.3 

115.0 

9.7 

835.4 

30.4 

265.5 

45.3 

178.2 

25.0 

322.7 

210 

223.2 

386.3 

57.7 

113.8 

8.1 

812.5 

28.3 

232.4 

39.5 

166.3 

22.4 

292.9 

211 

178.7 

309.3 

46.7 

112.6 

6.7 

788.7 

26.1 

201.4 

34.1 

154.4 

19.9 

263.9 

212 

140.5 

243.3 

37.1 

111.5 

5.4 

763.7 

23.9 

172.7 

29.0 

142.5 

17.5 

235.8 

213 

270.6 

471.5 

55.8 

121.8 

8.0 

852.8 

30.0 

227.0 

38.9 

174.9 

24.3 

280.0 

214 

212.8 

370.9 

44.4 

120.4 

6.5 

825.7 

27.5 

194.8 

33.1 

161.4 

21.4 

250.3 

215 

163.9 

285.7 

34.7 

118.9 

5.2 

797.3 

25.0 

165.0 

27.8 

148.0 

18.6 

221.6 

216 

169.3 

290.1 

62.9 

106.0 

8.5 

783.2 

26.5 

251.8 

42.3 

157.9 

21.3 

313.5 

217 

139.5 

239.1 

52.3 

105.2 

7.2 

763.2 

24.7 

222.1 

37.1 

148.0 

19.2 

286.2 

218 

241.1 

414.9 

73.7 

113.4 

9.9 

842.0 

30.2 

276.3 

48.0 

174.1 

25.3 

330.3 

213 

198.7 

341.9 

61.2 

112.4 

8.4 

820.5 

28.2 

243.8 

42.2 

163.2 

22.8 

301.6 

220 

161.5 

278.0 

50.2 

111.4 

7.0 

79 8,1 

26.2 

213.3 

36.7 

152.3 

20.5 

273.7 

221 

129.3 

222.6 

40.6 

110.4 

5.8 

774.8 

24.2 

184.9 

31.7 

141.4 

18.2 

246.6 

222 

244.5 

423.2 

60.2 

120.3 

8.4 

862.9 

30.1 

240.1 

42.0 

172.4 

25.0 

290.0 

223 

195.8 

338.9 

48.7 

119.0 

6.9 

837.5 

27.8 

208.2 

36.2 

160.1 

22.2 

261.3 

224 

154.0 

266.5 

38.7 

117.8 

5.6 

811.0 

25.5 

178.6 

30.9 

147.7 

19.5 

233.6 

225 

233.1 

406.0 

46.4 

127.3 

6.7 

878.4 

29.6 

199.4 

35.6 

165.7 

24.0 

246.1 

226 

179.5 

312.7 

36.2 

125.7 

5.4 

848.1 

26.9 

169.0 

29.9 

151.9 

20.9 

217.9 

227 

134.9 

234.9 

27.5 

124.2 

4.2 

816.2 

24.2 

141.1 

24.8 

138.1 

17.9 

190.8 

228 

169.8 

290.5 

63.3 

110.9 

3.5 

825.9 

27.8 

252.1 

44.3 

158.3 

22.9 

307.1 

223 

139.9 

239.3 

52.6 

110.1 

7.2 

804.9 

26.0 

222.3 

39.0 

148.4 

20.6 

280.4 

230 

256.9 

441.8 

75.9 

119.6 

10.2 

892.3 

32.0 

283.3 

50.7 

179.0 

27.9 

325.0 

231 

211.7 

364.0 

63.1 

118.6 

8.6 

870.0 

29.9 

250.0 

44.6 

167.8 

25.2 

296.7 

232 

172.1 

296.0 

51.7 

117.5 

7.2 

846.3 

27.8 

218.3 

38.8 

156.7 

22.6 

269.3 

233 

137.8 

237.0 

41.8 

116.5 

5.9 

821.5 

25.7 

189.6 

33.5 

145.5 

20.1 

242.6 

234 

208.5 

360.5 

50.2 

125.6 

7.1 

889.6 

29.8 

211.4 

38.7 

163.0 

24.7 

255.3 

235 

164.0 

283.5 

39.9 

124.3 

5.8 

861.5 

27.4 

181.4 

33.0 

150.5 

21.8 

228.2 

236 

126.3 

218.4 

31.1 

123.0 

4.6 

831.9 

24.9 

153.6 

27.7 

137.9 

18.9 

202.0 

237 

196.3 

341.7 

37.8 

133.3 

5.6 

904.1 

29.2 

172.1 

32.4 

155.1 

23.7 

211.9 

238 

147.5 

256.7 

28.7 

131.6 

4.3 

870.2 

26.3 

143.8 

26.8 

141.0 

20.4 

185.6 

233 

175.0 

299.0 

64.3 

116.7 

8.6 

874.1 

29.3 

256.2 

46.5 

161.3 

25.0 

299.9 

240 

144.2 

246.3 

53.3 

115.9 

7.3 

851.9 

27.4 

226.0 

40.9 

151.3 

22.6 

273.9 

241 

218.0 

374.3 

64.1 

124.9 

8.7 

922.4 

31.8 

251.5 

47.3 

169.3 

27.9 

287.6 

242 

177.2 

304.3 

52.6 

123.8 

7.3 

897.2 

29.6 

220.1 

41.2 

158.0 

25.0 

261.0 

243 

141.9 

243.7 

42.5 

122.7 

6.0 

871.0 

27.3 

190.8 

35.5 

146.8 

22.2 

235.2 

•w  *.  * 
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Table  A-7:  Results  -  Reactor  Power  Balance 


i 

f  R  disk 

U  tfc 

U  pfc 

P  tfc 

P  pfc 

P  cd 

P  total 

l  coil 

P  cp 

■ 

[»] 

C»3 

[>] 

[HU] 

[HU] 

CHUl 

[HU] 

[*] 

[HU] 

35  CkeV] 
l  3.6 

1.0 

1.0 

13100 

838 

31.4 

13940 

17.6 

10480 

2 

3.4 

1.0 

1.0 

10860 

681 

30.7 

11540 

16.7 

8690 

3 

3.1 

1.0 

1.0 

8878 

545 

30.1 

9424 

15.9 

7117 

4 

3.9 

1.0 

1.0 

13480 

877 

27.6 

14360 

18.4 

10770 

5 

3.6 

1.0 

1.0 

11300 

722 

27.1 

12020 

17.6 

9032 

6 

3.5 

1.0 

1.0 

11750 

988 

26.6 

12740 

18.3 

9394 

7 

3.2 

1.0 

1.0 

9730 

803 

26.1 

10530 

17.4 

7787 

3 

3.0 

1.0 

1.0 

7951 

643 

25.5 

8594 

16.5 

6373 

9 

2.9 

1.0 

1.0 

8272 

899 

25.2 

9171 

17.2 

6631 

10 

2.9 

1.0 

1.0 

6645 

707 

24.6 

7352 

16.2 

5342 

11 

2.9 

1.0 

1.0 

5245 

545 

23.9 

5790 

15.3 

4230 

12 

3.7 

1.0 

1.0 

11960 

1022 

23.2 

12980 

19.2 

9548 

13 

3.5 

1.0 

1.0 

10010 

842 

22.7 

10860 

18.3 

8004 

14 

3.2 

1.0 

1.0 

8290 

684 

22.2 

8975 

17.4 

6635 

15 

3.0 

1.0 

1.0 

8635 

957 

21.9 

9592 

18.1 

6910 

16 

2.9 

1.0 

1.0 

7048 

766 

21.4 

7814 

17.2 

5650 

17 

2.9 

1.0 

1.0 

5662 

603 

20.9 

6264 

16.2 

4551 

18 

2.9 

1.0 

1.0 

5896 

866 

20.6 

6761 

16.9 

4742 

19 

2.9 

1.0 

1.0 

4650 

667 

20.1 

5317 

15.9 

3750 

20 

3.5 

1.0 

1.0 

10480 

1201 

19.2 

11680 

20.0 

8368 

21 

3.3 

1.0 

1.0 

8771 

989 

18.8 

9760 

19.1 

7010 

22 

3.0 

1.0 

1.0 

7256 

804 

18.4 

8060 

18.1 

5806 

23 

2.9 

1.0 

1.0 

6172 

925 

17.8 

7097 

17.9 

4951 

24 

2.9 

1.0 

1.0 

4954 

727 

17.3 

5681 

16.9 

3984 

25 

2.9 

1.0 

1.0 

4076 

831 

16.7 

4907 

16.6 

3288 

26 

3.5 

1.0 

1.0 

8663 

992 

15.9 

9655 

20.0 

6916 

27 

3.1 

1.0 

1.0 

7572 

1174 

15.4 

8746 

19.9 

6051 

28 

2.9 

1.0 

1.0 

6259 

955 

15.0 

7214 

18.9 

5008 

29 

2.9 

1.0 

1.0 

4274 

892 

14.1 

5166 

17.7 

3439 

30 

3.3 

1.0 

1.0 

7335 

1154 

12.7 

8489 

20.9 

5855 

31 

2.9 

1.0 

1.0 

5301 

1147 

12.0 

6447 

19.8 

4245 

32 

3.1 

1.0 

1.0 

6074 

1353 

9.9 

7426 

21.9 

4848 

30  CkeV] 

101  3.6 

1.0 

1.0 

13100 

838 

37.2 

13940 

17.6 

10480 

102 

3.4 

1.0 

1.0 

10860 

681 

36.4 

11540 

16.7 

8690 

103 

3.1 

1.0 

1.0 

8878 

545 

35.6 

9424 

15.9 

7117 

104 

3.9 

1.0 

1.0 

13480 

877 

32.7 

14360 

18.4 

10770 

105 

3.6 

1.0 

1.0 

11300 

722 

32.1 

12020 

17.6 

9032 

106 

3.4 

1.0 

1.0 

9360 

587 

31.4 

9947 

16.7 

7493 

135 


Table  A-7  (coat . ) 


1 

R  disk  U  tfc 
(■]  [») 

U  pfc 
[*] 

P  tfc 
(HU] 

P  pfc 
(HU1 

P  cd 
(HU] 

P  total 
(HU) 

Z  coil 
(>] 

P  cp 
CHU] 

107 

3.5 

1.0 

1.0 

11750 

988 

31.6 

12740 

18.3 

9394 

ioe 

3.2 

1.0 

1.0 

9730 

803 

30.9 

10530 

17.4 

7787 

109 

3.0 

1.0 

1.0 

7951 

643 

30.2 

8594 

16.5 

6373 

110 

2.9 

1.0 

1.0 

6395 

506 

29.5 

6901 

15.6 

5139 

111 

2.9 

1.0 

1.0 

8272 

899 

29.8 

9171 

17.2 

6631 

112 

2.9 

1.0 

1.0 

6645 

707 

29.1 

7352 

16.2 

5342 

113 

2.9 

1.0 

1.0 

5245 

545 

28.4 

5790 

15.3 

4230 

114 

3.9 

1.0 

1.0 

11490 

747 

27.9 

12240 

18.4 

9174 

115 

3.7 

1.0 

1.0 

11960 

1022 

27.5 

12980 

19.2 

9548 

116 

3.5 

1.0 

1.0 

10010 

842 

26.9 

10860 

18.3 

8004 

117 

3.2 

1.0 

1.0 

8290 

684 

26.3 

8975 

17.4 

6635 

118 

3.0 

1.0 

1.0 

8635 

957 

26.0 

9592 

18.1 

6910 

119 

2.9 

1.0 

1.0 

7048 

766 

25.4 

7814 

17.2 

5650 

120 

2.9 

1.0 

1.0 

5662 

603 

24.8 

6264 

16.2 

4551 

121 

2.9 

1.0 

1.0 

5896 

866 

24.4 

6761 

16.9 

4742 

122 

2.9 

1.0 

1.0 

4650 

667 

23.8 

5317 

15.9 

3750 

123 

3.7 

1.0 

1.0 

10050 

859 

23.1 

10910 

19.2 

8023 

124 

3.5 

1.0 

1.0 

10480 

1201 

22.8 

11680 

20.0 

8368 

125 

3.3 

t.o 

1.0 

8771 

989 

22.3 

9760 

19.1 

7010 

126 

3.0 

1.0 

1.0 

7256 

804 

21.8 

8060 

18.1 

5806 

127 

2.9 

1.0 

1.0 

5922 

644 

21.3 

6566 

17.2 

4747 

128 

2.9 

1.0 

1.0 

6172 

925 

21.0 

7097 

17.9 

4951 

129 

2.9 

1.0 

1.0 

4954 

727 

20.5 

5681 

16.9 

3984 

130 

2.9 

1.0 

1.0 

4076 

831 

19.8 

4907 

16.6 

3288 

131 

2.9 

t.o 

1.0 

3146 

624 

19.2 

3770 

15.6 

2544 

132 

3.5 

1.0 

1.0 

8663 

992 

18.8 

9655 

20.0 

6916 

133 

3.3 

1.0 

1.0 

7249 

818 

18.4 

8066 

19.1 

5793 

134 

3.1 

1.0 

1.0 

7572 

1174 

18.2 

8746 

19.9 

6051 

135 

2.9 

1.0 

1.0 

6259 

955 

17.8 

7214 

18.9 

5008 

136 

2.9 

1.0 

1.0 

5101 

764 

17.4 

5865 

17.9 

4091 

137 

2.9 

1.0 

1.0 

4274 

892 

16.8 

5166 

17.7 

3439 

138 

3.3 

1.0 

1.0 

7335 

1154 

15.1 

8489 

20.9 

5855 

139 

3.1 

1.0 

1.0 

6134 

951 

14.7 

7085 

19.9 

4902 

140 

2.9 

1.0 

1.0 

5301 

1147 

14.3 

6447 

19.8 

4245 

141 

2.9 

1.0 

1.0 

4317 

918 

13.9 

5235 

18.7 

3465 

142 

3.1 

1.0 

1.0 

6074 

1353 

11.8 

7426 

21.9 

4848 

143 

2.9 

1.0 

1.0 

5075 

1115 

11.5 

6190 

20.8 

4055 

25  CkeV] 

201 

3.6 

1.0 

1.0 

13100 

838 

45.4 

13940 

17.6 

10480 

202 

3.4 

1.0 

1.0 

10860 

681 

44.5 

11540 

16.7 

8690 

3 


Table  A-8:  Results  -  Cost  Analysis 


ACCT  20  ACCT  21  ACCT  22  ACCT  24  ACCT  25  ACCT  90  ACCT  91  ACCT  92  ACCT  93  ACCT  94 

in 


6 

89.3 

55.8 

344.6 

»  » 

3 

80.8 

50.4 

311.2 

0 

72.8 

45.5 

280.9 

aV-V 

0 

91.2 

57.0 

352.0 

6 

82.9 

51.8 

319.9 

4 

89.1 

55.7 

344.0 

w 

.*  .*  J- 

5 

80.4 

50.3 

310.3 

e's’s 

M 

6 

72.5 

45.3 

279.8 

6 

78.9 

49.3 

304.4 

.*• 

y-\v 

8 

70.3 

43.9 

271.2 

.  v“  \ 

3 

62.6 

39.1 

241.6 

1 

90.5 

56.6 

349.3 

*  *  *  .  * 

7 

82.2 

51.4 

317.1 

2 

74.6 

46.6 

287.7 

V  *  •  * 
«  *  •. 

9 

80.7 

50.4 

311.4 

•  -  *•  .*• 

7 

72.6 

45.4 

280.0 

4 

65.1 

40.7 

251.4 

.  4 

3 

70.6 

44.1 

272.5 

r  «■  t 
•  *v 

5 

62.8 

39.2 

242.3 

«  A  A 

8 

90.2 

56.4 

348.3 

•:-v- 

3 

81.8 

51.2 

315.8 

V  v 
VvN 

7 

74.2 

46.4 

286.2 

S  \  “« 

// 

4 

72.3 

45.2 

279.2 

r  * 

1 

64.9 

40.5 

250.3 

■v.  « '■  «• 

8 

63.0 

39.4 

243.2 

■v  \.  * 

1 

82.5 

51.5 

318.2 

4 

81.1 

50.7 

313.1 

8 

73.5 

45.9 

283.5 

* 

r  j 

7 

64.6 

40.4 

249.2 

TT77 

4 

7 

81.1 

72.5 

50.7 

45.3 

313.1 

279.9 

5 

79.6 

49.7 

307.1 

asS 

5 

90.8 

56.7 

350.3 

r"« 

3 

81.8 

51.2 

315.9 

.  «  , 

2 

73.7 

46.1 

284.6 

*  *  «  •  * 

7 

92.6 

57.9 

357.2 

0 

84,0 

52.5 

324,1 

y:<v 

2 

76.1 

47.6 

293.9 

/  J 


Table  A-8  <cont.) 


»  ACCT  20  ACCT  21  ACCI  22  ACCT  24  ACCT  25  ACCT  90  ACCT  91  ACCT  92  ACCT  93 
[Ml  CM]  CM]  [Ml  CM]  (Ml  CM!  (Ml  [Ml 


107 

3.3 

164.7 

877.3 

45.4 

108 

3.3 

164.1 

765.3 

45.4 

109 

3.3 

163.7 

663.8 

45.4 

110 

3.3 

163.3 

570.9 

45.4 

ill 

3.3 

163.9 

749.6 

45.4 

112 

3.3 

163.4 

638.5 

45.4 

113 

3.3 

163.0 

539.9 

45.4 

114 

3.3 

165.0 

813.0 

45.4 

115 

3.3 

165.3 

891.4 

45.4 

116 

3.3 

164.7 

785.1 

45.4 

117 

3.3 

164.1 

687.9 

45.4 

118 

3.3 

164.4 

770.1 

45.4 

119 

3.3 

163.8 

665.7 

45.4 

120 

3.3 

163.4 

570.5 

45.4 

121 

3.3 

163.6 

644.0 

45.4 

122 

3.3 

163.2 

543.0 

45.4 

123 

3.3 

165.3 

797.8 

45.4 

124 

3.3 

165.6 

888.9 

45.4 

125 

3.3 

164.9 

781.5 

45.4 

126 

3.3 

164.3 

683.5 

45.4 

127 

3.3 

163.8 

594.0 

45.4 

128 

3.3 

164.1 

663.5 

45,4 

129 

3.3 

163.6 

567.5 

45.4 

130 

3.3 

163.3 

547.0 

45.4 

131 

3.3 

162.9 

456.3 

45.4 

132 

3.3 

165.6 

785.9 

45.4 

133 

3.3 

164.9 

693.9 

45.4 

134 

3.3 

165.2 

772.9 

45.4 

135 

3.3 

164.6 

674.9 

45.4 

136 

3.3 

164.0 

584.5 

45.4 

137 

3.3 

163.8 

564.2 

45.4 

138 

3.3 

165.9 

768.6 

45.4 

139 

3.3 

165.2 

678.0 

45.4 

140 

3.3 

164.9 

663.0 

45.4 

141 

3.3 

164.3 

573.6 

45.4 

142 

3.3 

166.4 

748.3 

45.4 

143 

3.3 

165.6 

659.4 

45.4 

25  tkeVl 

201 

3.3 

164.4 

899.4 

45.4 

202 

3.3 

163.9 

784.6 

45.4 

41.8 

1133.7 

113.4 

90.7 

56.7 

41.8 

1021.0 

102.1 

81.7 

51.1 

41.8 

918.9 

91.9 

73.5 

45.9 

41.8 

825.4 

82.5 

66.0 

41.3 

41.8 

1004.9 

100.5 

80.4 

50.2 

41.8 

893.3 

89.3 

71.5 

44.7 

41.8 

794.2 

79.4 

63.5 

39.7 

41.8 

1069.8 

107.0 

85.6 

53.5 

41.8 

1148.6 

114.9 

91.9 

57,4 

41.8 

1041.5 

104.1 

83.3 

52.1 

41.8 

943.6 

94.4 

75.5 

47.2 

41.8 

1026.1 

102.6 

82.1 

51.3 

41.8 

921.0 

92.1 

73.7 

46.0 

41.8 

825.2 

82.5 

66.0 

41.3 

41.8 

898.9 

89.9 

71.9 

44.9 

41.8 

797.4 

79.7 

63.8 

39.9 

41.8 

1054.9 

105.5 

84.4 

52.7 

41.8 

1146.5 

114.6 

91.7 

57.3 

41.8 

1038.2 

103.8 

83.1 

51.9 

41.8 

939.5 

93.9 

75.2 

47.0 

41.8 

849.4 

84.9 

67.9 

42.5 

41.8 

919.1 

91.9 

73.5 

46.0 

41.8 

822.5 

82.2 

65.8 

41.1 

41.8 

801.6 

80.2 

64.1 

40.1 

41.8 

710.4 

71.0 

56.8 

35.5 

41.8 

1043.4 

104.3 

83.5 

52.2 

41.8 

950.6 

95.1 

76.1 

47.5 

41.8 

1030.0 

103.0 

82.4 

51.5 

41.8 

931.1 

93.1 

74.5 

46.6 

41.8 

840.1 

84.0 

67.2 

42.0 

41.3 

819.4 

81.9 

65.6 

41.0 

41.8 

1026.6 

102.7 

82.1 

51.3 

41.8 

935.1 

93.5 

74.8 

46.8 

41.8 

919.7 

92.0 

73.6 

46.0 

41.8 

829.5 

83.0 

66.4 

41.5 

41.8 

1006.7 

100.7 

80.5 

50.3 

41.8 

916.9 

91.7 

73.4 

45.8 

41.8 

1155.5 

115.6 

92.4 

57.8 

41.8 

1040.1 

104.0 

83.2 

52.0 

ACCT  94 

cn«] 


350.0 

315.2 

283.7 

254.8 

310.2 

275.8 

245.2 

330.3 

354.6 

321.5 

291.3 

316.8 

284.3 

254.8 

277.5 

246.2 

325.7 
354.0 

320.5 
290.0 

262.2 

283.7 

253.9 

247.5 

219.3 

322.1 

293.5 
318.0 

287.5 

259.4 
253.0 

316.9 

288.7 

283.9 

256. 1 

310.8 

283.1 


356.7 

321.1 


Table 

A-8 

(cont 

.  ) 

,► *>s 

t 

ACCT  20 

ACCT  21 

ACCT  22 

ACCT  24 

ACCT  25 

ACCT  90 

ACCT  91 

ACCT  92 

ACCT  93 

ACCT  94 

/v  > 

IN*] 

[»*] 

£«*] 

CH$] 

fMJ 

[«»] 

[«*] 

CM*] 

CM*3 

tH*] 

203 

3.3 

163.5 

680.6 

45.4 

41.8 

935.5 

93.5 

74.8 

46.8 

288.8 

;« 

Vv 

204 

3.3 

163.1 

586.4 

45.4 

41.8 

840.8 

84.1 

67.3 

42.0 

259.6 

205 

3.3 

165.0 

919.2 

45.4 

41.8 

1176.0 

117.6 

94.1 

58.8 

363.1 

/v  *v 

* 

206 

3.3 

164.4 

809.4 

45.4 

41.8 

1065.5 

106.6 

85.2 

53.3 

329.0 

#:• 

207 

3.3 

163.9 

709.1 

45.4 

41.8 

964.6 

96.5 

77.2 

48.2 

297.8 

208 

3.3 

163.5 

617.9 

45.4 

41.8 

872.8 

87.3 

69.8 

43.6 

269.5 

209 

3.3 

164.7 

899.4 

45.4 

41.8 

1155.8 

115.6 

92.5 

57.8 

356.8 

210 

3.3 

164.1 

783.3 

45.4 

41.8 

1039.0 

103.9 

83.1 

52.0 

320.8 

y'.y? 

211 

3.3 

163.7 

678.2 

45.4 

41.8 

933.3 

93.3 

74.7 

46.7 

288.1 

X • 

212 

3.3 

163.3 

582.2 

45.4 

41.8 

836.8 

83.7 

66.9 

41.8 

258.3 

V.V. 

213 

3.3 

163.9 

771.2 

45.4 

41.8 

1026.5 

102.6 

82.1 

51.3 

316.9 

214 

3.3 

163.4 

655.5 

45.4 

41.8 

910.2 

91.0 

72.8 

45.5 

281.0 

215 

3.3 

163.0 

553.0 

45.4 

41.8 

807.2 

80.7 

64.6 

40.4 

249.2 

216 

3.3 

165.0 

826.9 

45.4 

41.8 

1083.7 

108.4 

86.7 

54.2 

334.6 

217 

3.3 

164.4 

730.8 

45.4 

41.8 

986.9 

98.7 

79.0 

49.3 

304.7 

218 

3.3 

165.3 

911.1 

45.4 

41.8 

1168.2 

116.8 

93.5 

58.4 

360.7 

:--,a 

219 

3.3 

164.7 

801.2 

45.4 

41.8 

1057.6 

105.8 

84.6 

52.9 

326.5 

V  a 

220 

3.3 

164.1 

701.0 

45.4 

41.8 

956.7 

95.7 

76.5 

47.8 

295.4 

*  V  V 

221 

3.3 

163.7 

610.1 

45.4 

41.8 

865.1 

86.5 

69.2 

43.3 

267. 1 

222 

3.3 

164.4 

789.8 

45.4 

41.8 

1045.8 

104.6 

83.7 

52.3 

322.9 

223 

3.3 

163.8 

681.5 

45.4 

41.8 

936.8 

93.7 

74.9 

46.8 

289.2 

224 

3.3 

163.4 

582.9 

45.4 

41.8 

837.6 

83.8 

67.0 

41.9 

258.6 

225 

3.3 

163.6 

662.6 

45.4 

41.8 

917.5 

91.8 

73.4 

45.9 

283.3 

226 

3.3 

163.2 

557.3 

45.4 

41.8 

811.7 

81.2 

64.9 

40.6 

250.6 

*WI 

227 

3.3 

162.8 

465.1 

45.4 

41.8 

719.1 

71.9 

57.5 

36.0 

222.0 

v%' 

228 

3.3 

165.3 

811.7 

45.4 

41.8 

1068.9 

106.9 

85.5 

53.4 

330.0 

* 

229 

3.3 

164.7 

716.8 

45.4 

41.3 

973.2 

97.3 

77.9 

48.7 

300.5 

230 

3.3 

165.6 

909.9 

45.4 

41.8 

1167.4 

116.7 

93.4 

58.4 

360.4 

231 

3.3 

164.9 

798.8 

45.4 

41.8 

1055.5 

105.5 

84.4 

52.8 

325.9 

- 

232 

3.3 

164.3 

697.5 

45.4 

41.8 

953.5 

95.4 

76.3 

47.7 

294.4 

.■** . 

233 

3.3 

163.8 

605.3 

45.4 

41.8 

860.6 

86.1 

68.8 

43.0 

265.7 

234 

3.3 

164.1 

680.3 

45.4 

41.8 

935.9 

93.6 

74.9 

46.8 

288.9 

235 

3.3 

163.6 

580.8 

45.4 

41.3 

835.7 

83.6 

66.9 

41.8 

258.0 

*  s 

236 

3.3 

163.1 

492.4 

45.4 

41.8 

746.8 

74.7 

59.7 

37.3 

230.5 

237 

3.3 

163.3 

562.7 

45.4 

41.8 

817.3 

31.7 

65.4 

40.9 

252.3 

*  «a 

238 

3.3 

162.9 

468.1 

45.4 

41.8 

722.2 

72.2 

57.8 

36.1 

223.0 

239 

3.3 

165.6 

800.3 

45.4 

41.8 

1057.8 

105.8 

84.6 

52.9 

326.6 

240 

3.3 

164.9 

705.8 

45.4 

41.8 

962.5 

96.3 

77.0 

48.1 

297.2 

£>: 

241 

3.3 

165.2 

790.7 

45.4 

41.8 

1047.8 

104.3 

83.8 

52.4 

323.5 

*  s,*  < 

242 

3.3 

164.6 

689.3 

45.4 

41.8 

945.6 

94.6 

75.7 

47.3 

291.9 

(mV 

243 

3.3 

164.0 

596.1 

45.4 

41.8 

851.7 

85.2 

68.1 

42.6 

262.9 

Zjs 

w 

v  v 

. 

Table  A-8  (cont.) 


I  ACCT  95  ACCT  99  CAP  RET  OM  FUEL  Capacity  CQF 
CM]  CN$1  CM]  £N$]  [Mil  tkq/yrl  £l/g*J 


35  CkeVl 


1 

212.8 

1930.2 

289.5 

2 

192.2 

1743.4 

261.5 

3 

173.5 

1573.5 

236.0 

4 

217.4 

1972,0 

295.8 

5 

197.5 

1791.8 

268.8 

6 

212.4 

1926.9 

289.0 

7 

191.6 

1738.3 

260.8 

8 

172.8 

1567.2 

235.1 

9 

188.0 

1705.0 

255.7 

10 

167.4 

1518.9 

227.8 

11 

149.2 

1353.5 

203.0 

12 

215.7 

1956.4 

293.5 

13 

195.8 

1776.5 

266.5 

14 

177.7 

1611.8 

241.8 

15 

192.3 

1744.4 

261.7 

16 

172.9 

1568.7 

235.3 

17 

155.2 

1408.2 

211.2 

18 

168.3 

1526.2 

228.9 

19 

149.6 

1357.2 

203.6 

20 

215.1 

1950.8 

292.6 

21 

195.0 

1769.2 

265.4 

22 

176.8 

1603.4 

240.5 

23 

172.4 

1563.8 

234.6 

24 

154.6 

1402.2 

210.3 

25 

150.2 

1362.4 

204.4 

26 

196.5 

1782.6 

267.4 

27 

193.4 

1754.1 

263.1 

28 

175.1 

1588.3 

238.2 

29 

153.9 

1395.7 

209.4 

30 

193.3 

1753.7 

263.1 

31 

172.9 

1568.1 

235.2 

32 

189.6 

1720.0 

258.0 

30  [keV] 

101 

216.3 

1962.1 

294.3 

102 

195.1 

1769.3 

265.4 

103 

175,8 

1594.3 

239.1 

104 

220.6 

2000.9 

300.1 

105 

200.2 

1815.6 

272.4 

106 

181.5 

1646.1 

246.9 

120.5 

0.17 

7.16E+06 

57.30 

117.9 

0.13 

5.82E+06 

65.20 

114.5 

0.11 

4.66E+06 

75.24 

129.3 

0.15 

6.48E+06 

65.59 

125.5 

0.12 

5.34E+06 

73.81 

115.6 

0.17 

7.57E+06 

53.49 

113.5 

0.14 

6.15E+06 

60.85 

110.7 

0.11 

4.93E+06 

70.21 

103.2 

0.17 

7.40E+06 

48.51 

98.6 

0.13 

5.82E+06 

56.09 

96.1 

0.10 

4.49E+06 

66.72 

125.3 

0.15 

6.70E+06 

62.57 

121.8 

0.13 

5.52E+06 

70.40 

118.3 

0.10 

4.49E+06 

80.30 

107.5 

0.16 

6.74E+06 

54.76 

105.5 

0.12 

5.40E+O6 

63.14 

103.2 

0.10 

4.25E+06 

74.05 

93.2 

0.15 

6.38E+06 

50.53 

91.0 

0.11 

4.91E+06 

59.98 

119.7 

0.16 

7.14E+06 

57.78 

116.8 

0.14 

5.8BE+06 

65.00 

113.7 

0.11 

4.78E+06 

74.09 

100.3 

0.13 

5.75E+06 

58.22 

98.4 

0.10 

4.53E+06 

68.25 

85.2 

0.12 

5.37E+06 

53.90 

125.9 

0.11 

4.90E+06 

80.38 

112.0 

0.14 

6.07E+06 

61.88 

109.3 

0.11 

4.93E+06 

70.49 

93.3 

C.ll 

4.79E+06 

63.19 

122.0 

0.11 

4.85E+06 

79.41 

104.5 

0.12 

5.02E+06 

67.74 

117.7 

O.tl 

4.70E+06 

80.05 

125.2 

0.18 

7.96E+06 

52.71 

120.2 

0.15 

6.47E+06 

59.59 

115.6 

0.12 

5. 1BE+06 

68.45 

125.1 

0.17 

7. 216+06 

58.99 

121.5 

0.14 

5.94E+06 

66.31 

118.3 

O.tl 

4.83E+06 

75.63 
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Table  A-8  (cent.) 


1 

ACCT  95 
(Ml 

ACCT  99 
(Ml 

CAP  RET 
(H«] 

O&H 

(Ml 

FUEL 

(Ml 

Capacity 

(kg/yrl 

COF 

(t/gil 

107 

216.1 

1960.6 

294.1 

117.3 

0.19 

8.42E+06 

48.90 

10B 

194.7 

1765.8 

264.9 

112.4 

0.16 

6.84E+06 

55.16 

109 

175.2 

1589.2 

238.4 

107.9 

0.13 

5.48E+06 

63.22 

110 

157.4 

1427.5 

214.1 

105.4 

0.10 

4.31E+06 

74.17 

111 

191.6 

1737.9 

260.7 

110.4 

0.19 

8.24E+06 

45.08 

112 

170.3 

1544.8 

231.7 

105.5 

0.15 

6.48E+06 

52.08 

113 

151.4 

1373.4 

206.0 

101.0 

0.12 

4.99E+06 

61.56 

114 

203.9 

1850.0 

277.5 

128.9 

0.12 

5.25E+06 

77.38 

115 

219.0 

1986.3 

298.0 

120.9 

0.17 

7.45E+06 

56.29 

116 

198.6 

1801.1 

270.2 

117.7 

0.14 

6.14E+06 

63.25 

117 

179.9 

1631.8 

244.8 

114.8 

0.12 

4.99E+06 

72.11 

118 

195.6 

1774.5 

266.2 

105.7 

0.17 

7.50E+06 

49.61 

119 

175.6 

1592.8 

238.9 

102.5 

0.14 

6.01E+06 

56.88 

120 

157.3 

1427.1 

214.1 

100.7 

0.11 

4.72E+06 

66.67 

121 

171.4 

1554.6 

233.2 

99.2 

0.16 

7. 10E+06 

46.86 

122 

152.0 

1379.0 

206.9 

94.7 

0.13 

5.47E+06 

55.20 

123 

201.1 

1824.3 

273.7 

125.6 

0.12 

5.28E+06 

75.71 

124 

218.6 

1982.7 

297.4 

115.4 

0.18 

7.94E+06 

52.03 

125 

197.9 

1795.5 

269.3 

112.8 

0.15 

6.54E+06 

58.44 

126 

179.1 

1624.7 

243.7 

110.2 

0.12 

5.32E+06 

66.58 

127 

161.9 

1468.9 

220.3 

107.4 

0.10 

4.26E+06 

76.98 

128 

175.2 

1589.4 

238.4 

97.5 

0.15 

6.40E+06 

52.50 

129 

156.8 

1422.4 

213.4 

96.1 

0.12 

5.03E+06 

61.49 

130 

152.8 

1386.3 

207.9 

89.2 

0.14 

5.9BE+06 

49.73 

131 

135.4 

1228.6 

184.3 

85.2 

0.10 

4.49E+06 

60.03 

132 

198.9 

1804.5 

270.7 

121.4 

0.13 

5.44E+06 

72.07 

133 

181.2 

1644.0 

246.6 

117.8 

0.10 

4.49E+06 

81.27 

134 

196.4 

1781.2 

267.2 

108.1 

0.16 

6.75E+06 

55.66 

135 

177.5 

1610.3 

241.6 

105.9 

0.13 

5.48E+06 

63.38 

136 

160.2 

1452.9 

217.9 

103.4 

0.10 

4.39E+06 

73.21 

137 

156.2 

1417.0 

212.6 

91.0 

0.12 

5.33E+06 

56.98 

138 

195.7 

1775.4 

266.3 

117.5 

0.12 

5.39E+06 

71.21 

139 

178.3 

1617.1 

242.6 

114.1 

0.10 

4.44E+06 

80.29 

140 

175.3 

1590.5 

238.6 

101.2 

0.13 

5.58E+06 

60.94 

141 

158.1 

1434.5 

215.2 

99.2 

0.10 

4.47E+06 

70.42 

142 

191.9 

1741.0 

261.2 

113.4 

0.12 

5.22E+06 

71.79 

143 

174.8 

1585.7 

237.9 

110.1 

0.10 

4.30E+06 

80.94 

25  CktV] 

201 

220.3 

1998.3 

299.7 

137.5 

0.21 

8.89E+06 

49.21 

202 

198.3 

1798.7 

269.8 

132.2 

0.17 

7.23E+06 

55.64 
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Table 

A-8 

(cont 

.  ) 

t 

ACCT  95 

ACCT  99 

CAP  RET 

OtcH 

FUEL 

Capacity 

COF 

CM] 

ON] 

(Ml 

cut] 

CM] 

Ckg/yrl 

t$/gal 

203 

178.4 

1617.8 

242.7 

127.1 

0.13 

5.79E*06 

63.93 

204 

160.3 

1454.2 

218.1 

122.4 

0.11 

4.55E+06 

74.85 

205 

224.2 

2033.8 

305.1 

130.6 

0.19 

8. 05E+06 

54.15 

206 

203.1 

1842.7 

276.4 

125.6 

0.15 

6.63E+06 

60.64 

207 

183.9 

1668.1 

250.2 

120.9 

0.12 

5.39E+06 

68.86 

208 

166.4 

1509.4 

226.4 

116.5 

0.10 

4.32E+06 

79.46 

209 

220.4 

1998.9 

299.8 

127.9 

0.22 

9.40E+06 

45.55 

210 

198.1 

1796.9 

269.5 

122.7 

0.18 

7.64E+06 

51.37 

211 

177.9 

1614.1 

242.1 

117.8 

0.14 

6.12E+06 

58.87 

212 

159.5 

1447.1 

217.1 

113.2 

0.11 

4.81E+06 

68.68 

213 

195.7 

1775.2 

266.3 

120.4 

0.21 

9.20E+06 

42.08 

214 

173.5 

1574.2 

236.1 

115.2 

0.17 

7.23E+06 

48.59 

215 

153.9 

1396.0 

209.4 

110.3 

0.13 

5.57E+06 

57.41 

216 

206.6 

1874.1 

281.1 

128.1 

0.14 

5.86E+06 

69.83 

217 

188.2 

1706.8 

256.0 

123.6 

0.11 

4.83E+06 

78.62 

218 

222.7 

2020.3 

303.0 

121.3 

0.19 

8.31E+06 

51.09 

219 

201.6 

1829.1 

274.4 

118.2 

0.16 

6.85E+06 

57.35 

220 

182.4 

1654.6 

248.2 

114.9 

0.13 

5.57E+06 

65.24 

221 

164.9 

1496.2 

224.4 

111.1 

0.10 

4.46E+06 

75.31 

222 

199.4 

1808.6 

271.3 

114.5 

0.19 

8.37E+06 

46.10 

223 

178.6 

1620.1 

243.0 

109.7 

0.15 

6.70E+06 

52.64 

224 

159.7 

1448.6 

217.3 

105.2 

0.12 

5.27E+06 

61.19 

225 

174.9 

1586.7 

238.0 

107.4 

0.18 

7.92E+06 

43.62 

226 

154.8 

1403.8 

210.6 

102.7 

0.14 

6.10E+06 

51.35 

227 

137.1 

1243.5 

186.5 

98.3 

0.11 

4.59E+06 

62.15 

228 

203.8 

1848.5 

277.3 

124.6 

0.14 

5.89E+06 

68.30 

229 

185.5 

1683.0 

252.5 

120.3 

0.11 

4.85E+06 

76.88 

230 

222.6 

2018.9 

302.8 

115.6 

0.20 

8.86E+06 

47.26 

231 

201.2 

1825.3 

273.8 

113.2 

0.17 

7.30E+06 

53.04 

232 

181.8 

1649.0 

247.4 

110.5 

0.14 

5.94E+06 

60.32 

233 

164.1 

1488.3 

223.2 

107.2 

0.11 

4.75E+06 

69.57 

234 

178.4 

1618.5 

242.8 

102.2 

0.17 

7.14E+06 

48.32 

235 

159.3 

1445.3 

216.8 

97.9 

0.13 

5.62E>06 

56.02 

236 

142.4 

1291.4 

193.7 

95.0 

0.10 

4.33E+06 

66.74 

237 

155.8 

1413.4 

212.0 

95.9 

0.15 

6.68E+06 

46.15 

238 

137.7 

1248.9 

187.3 

91.6 

0.12 

5.02E+06 

55.65 

239 

201.7 

1829.4 

274.4 

120.5 

0.14 

6.07E+06 

65.06 

240 

183.5 

1664.6 

249.7 

116.5 

0.12 

5.00E+06 

73.22 

241 

199.8 

1812.0 

271.8 

108.6 

0.17 

7.53E+06 

50.56 

242 

180.3 

1635.4 

245.3 

106.2 

0.14 

6.12E+06 

57.47 

243 

162.4 

1472.9 

220.9 

103.3 

0.11 

4.90E+06 

66.20 

PR06RAH  RESEARCH _MASTERS_THES IS ;  (user  input  version  3.00  13/9/86) 


($1  typedef.sys) 
($1  graphix.sys) 
(*I  kernel. sys) 
(tl  windows. sys) 
(tl  axis. hgh) 


LABEL  QUIT, JUMP ; 


TYPE 

DATETIHETYPE  =  STRING  C81j 
RE6TYPE  =  RECORD 

ax, bx,cx, dx, bp, si ,di ,ds, es, flags:  integer 
END; 


CONST 

CH  sARRAY  Cl. .5,1. .13]  OF  REAL=  (<-21.3777,-25.2041,-7. 1013E-2, 

1.9375E-4, 4. 9247E-6,-3.9837E-8,0. 2935, 0,0, 0,0, 0,0), (-15.5119, -35. 3187, 
-1.2905E-2,2.6798E-4,-2.9199E-6,1.274BE-8, 0.3735, 0,0, 0,0, 0,0), (-15.9938, 
-35. 1076, -1.3690E-2, 2. 7097E-4, -2. 9442E-6, 1 . 2841E-8, 0.3725,0,0, 0,0, 0,0),  ( 
-27. 7645, -31. 0239, 2. 7890E-2, -5. 5322E-4, 3. 0294E-6, -2. 5233E-9, 0.3597 
, 0,0, 0,0, 0,0), (-14. 772, -35.474,-1. 90e-2,2.87l5E-4,-1.613E-6,9.5084E-10, 
0.3765,0,0,0,0,0,0));  (1--DT,  2— DDT,  3-DD3,  4-D3,  5--TT) 

ENER6Y  :ARRAY  Cl. .51  OF  REAL*(17.59, 4.03, 3.27, 18.3,11.33); 

Q-2.4; 

MUO=l .2566E-6; 

OUallBlnkt-1; 

0Shld=0.5; 

LINEC0ST=80;  {Bills/kHeH) 

ENERDTN=14. 1; 

ENERD3N=2.45; 

ENERTTN=5. 04; 

Efiss=81.5E12; CMJ/kg ) 

C=0. 75; 

ALPHA=0. 1 ; 

F=0.033; 

KC=0; 


(these  files  aust  be) 
(included  and  in  this  order) 


PKUCLEAR , KAPA, A , R , RO , TO , BT , ASPECT , VOLUME , C I , EPSLN , I P , BET  AC  : REAL; 

0N8S, NFLUX , FH, NTEMPAVE, NO, NAVE, AVETEHP , AVES I6V , NTND , NHE3ND  : REAL ; 

NTNDPREV,  NTNDTEST,  NFLUXTT,  WLTT,  WLTOT, RCPS ,  POHHTOTAL,  MFISS,  PMULT  :  REAL-, 
PTHERH , NDPREV , NOTES  T , NDAVE , NTAVE, NHE3AVE, NHE4ND, NHE4AVE  : REAL; 

FP, POWER, REACTPWR, ALFAN, ALFAT, D, RALFA, PWRTDTAL , PREB, BPWRAVE  : REAL; 

A2, NFLUXDT , NFLUXD3, SURFACE, WLDT , WLD3, RHe3 , BTHAX , MAXBT , PET  : REAL; 

BTHINt  RHAX , RMIN, TEHPHAX, TEHPMIN, AHET, ASPMAX , ASPHIN, Nsup  : REAL; 

NTEHP,N8AR,TENPBAR,BTHl,rHICKNS,FISPRQD,RPR0T,NPND,PQHHHAX  :  REAL; 

BTV AL , T OVAL ,  ASPVAL ,  RVAL ,  PEBU I V ,  I PHAX ,  PWRH I N ,  NPAVE ,  NEAVE  : REAL; 

FMRT , PCD , PAUXAVE , IBS, RD ISK, POHHCP , POHHPFC , SQA , SQK , SQKA , jr  ad i us  : REAL; 

FCD , FPACK , NTRL , POHMTF C , OPTTRL , WPFCS , WTFCS , POHN , VETRL , 10  : REAL; 

BTINT, RINT, ASPINT, BTREP, ASPREP.RREP, TINT, TREP  : INTEGER; 

I , J, COUNT, COUNTCOHP, N, OPTEHP  ; INTEGER; 

FIRST, DTAOUT,UNIHPORT, DTA0UT2, BALANCE, BAL2, DES10UT  : TEXT; 

COST, C0ST2  :TEXT; 

ANS  .-CHAR; 

HEADER  :STRINGI201; 

SIGVBAR, BTM2, TOP  :ARRAYC1..5I  OF  REAL; 


FUNCTION  DATE:  DATETIHETYPE; 

{Returns  Date  in  For*  DD/NH/YY. ) 

VAR 

REG:  REGTYPE; 

Y,H,D,W:  DATETIHETYPE; 

I:  INTEGER; 

BEGIN 

REG.AX:=t2A00; 

INTR($2l,REG); 

STR(REG.CX:4,Y); 

DELETE(Y,1,2); 

STR  (HI  (REG.  DX) :  2 ,  M) ; 

STR(LQ(REG.DX):2,D); 

U  :=  D  +  '/’  +  N  +  '/'  +  Y; 

FOR  I: =1  TO  LENGTH(W)  DO  IF  WU1='  *  THEN  Wtl]:='0'; 
DATE: =W 


FUNCTION  TINE:  DATETIHETYPE; 

{Returns  Current  Tine  in  Fori 
VAR 

RE6:  RE6TYPE; 

H,N,S,T,H:  DATETIHETYPE; 

I:  INTEGER; 

BE6IN 

REG. AX: =$2C00; 

INTR(*21,REG); 

STR(HI(REG.CX):2,H); 

STR(L0(RE6.CX):2,H); 

STR (HI (REG. DX) :2f  S) ; 

STR(L0(RE6.DX) :2,  T); 

U: =H+» :»+«+»:» +S+' : ' +T; 

FOR  I:=  1  TO  LENGTH (U)  DO  IF  WCI3='  '  THEN  HtU:='0'; 
TIHE:=U 
END; 


FUNCTION  XYPHR  (PHR, NUMBER  :REAL)  :REAL; 
BEGIN 

X  YPUR : =EXP ( PHRtLN ( NUMBER ) ) 

END;  (OF  FUNCTION  XYPHR) 


procedure  OneAxisDei; 
begin 

ClearScreen; 

SetColorUhite; 

SetBackground(O); 


{init  screen) 


DefineHeaderd.’Plasna  Model');  {define  the  window) 
SetHeaderOn; 

DefineUorld(l,-15, (15/1.26), 15, (-15/1.26)); 
SelectUindov(l); 

SelectUorld(l); 


DrawBorder; 


{draw  it) 
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procedure  PlotPlasaa; 
var 

x,vl,v2  :real; 


begin 

InitGraphic; 

OneAxisDea; 

x:=0; 

drauline(15,0,-lS,0); 
drawline(0, 15,0,-15); 
for  i : =i  to  IS  do  begin 
drauline(i,O.S,i,-O.S); 
dravline(-i,0.5,-i,-0.5); 
drawl inefO.S, i , -0. 5, i ) ; 
dravline(0.5,-i,-0.5,-i); 
end; 

drawline(r,-l,r,l); 
drawline(-r,-l,-r,l); 
while  x<4»pi*0.0t  do  begin 
vl:=a*cos(x+dtsin(x)); 
v2:=kapatatsin(x); 
DrawPoint (r+vl, w2) ; 
DrawPoint(-(r+vl),v2); 


x:=x+0.01; 

end; 

Leave6raphic; 

end; 


(initialize  the  graphics  systea) 
(do  the  deaol 


(draw  the  point) 
(draw  the  point) 


(leave  the  graphics  systea) 


PROCEDURE  INPUT; 

BEGIN 

WRITELN; 

WRITELN; 

WRITECALFA  N:  ’); 

READ(ALFAN); 

WRITE  ('  ALFA  T:  »); 

READ(ALFAT); 

WRITE! '  D-Shapeness;  '); 

READLN(D); 

WRITELN; 

WRITE(’He3  Reaoval:  '); 

READ(RHE3); 

WRITE  V  He4  Reaoval:  '); 


•SvMvftCv 


READ(RALFA); 

WRITER  Proton  Removal:  '); 

READLN(RPROT); 

WRITELN; 

WRITEI'FIELD  on  AXIS  CT1  HAX:'); 

READ(BTMAX); 

WRITE  !'  MIN: 

REAO(BTIUN); 

WRITE  (»  INTERVAL:  ’); 

READLN(BTVAL); 

WRITEI'HAJOR  RADIUS  £•]  MAX:  '); 

READ(RNAX); 

WRITE  ('  MIN:  '); 

READ (RMIN) j 

WRITE  <»  INTERVAL:  ’); 

READLN(RVAL); 

WRITE!' ASPECT  RATIO  HAX:'); 

READ(ASPHAX); 

WRITE  !'  MIN:  '); 

READ(ASPHIN); 

WRITE  C  INTERVAL:  ’); 

RE ADLN ( ASPVAL ) ; 

WRITE!1 'TEMPERATURE  (ktVl  HAX:  >); 

READ(TEHPMAX); 

WRITE  C  HIN:  '); 

READ(TEHPHIN); 

WRITE  C  INTERVAL:  ’); 

READLN ! T OVAL ) ; 

WRITELN; 

WRITECMINIMUM  ACCEPTABLE  POWER:  ’ 

READLN(PWRHIN); 

WRITE! 'HAXIHUH  ACCEPTABLE  PLASHA  CURRENT:  '); 

READLN (IPHAX); 

WRITELN; WRITELN; 

WRITECCURRENT  DRIVE  FACTOR  U5-.25):  ’);READLN(FCD); 
WRITECPACKING  FACTION:  ’)jREADLN(FPACK); 

WRITE! ' NUMBER  OF  TF  RETURN  LESS:  ’ ) ; READLN(N) ; 

WRITE!' OPERAT I N6  TEMPERATURE  CCI:  ');READLN(OPTEHP); 
END;  !OF  PROCEDURE  INPUT) 


PROCEDURE  INTEGRAL! ; 


: ARRAY  Cl. .12)  OF  REAL=<-0. 98156 
-0.90412,-0.76990,-0.58732,-0.36783,-0.12523,0.12523,0.36783, 
0.58732, 0. 76990,0.90412, 0.98156); 


CONST 

1X1 


■.ARRAY  U. .12]  QF  REAL=  (0. 04718, 

0.10694,0.16008,0.20317,0.23349,0.24915,0.24915,0.23349,0.20317 

0.16008,0.10694,0.04718); 


SUHYNT, SUHYNB, SUHYTB, SUHYVOL, XUL, ILL, AHET, csl , br 1 , br 2, sn 1 , abr 1  :R 
SUHxNT, SUHxNB , SUHx TB, NTEHPFN, NBARFN, SUHxVGL , kasn 1 , y2a, sqy2a,y2  : Rl 
X, Y, DVOL, YUL,  YLL,  TEMP, NS0RD, SUHYBM1 , SUMxBMl , kys, ybr 1 , U1DV  : REAL 
XAVE, YAVE, SURX  : REAL; 
K,L,a  : INTEGER; 

SUMYSF ,  S I SVFH ,  SUMY  TOP ,  SUMY  BM2  :  ARRAY  U..51  QF  REAL; 
SUMxSF,SUMxTQP,SUMxBH2  : ARRAY  II.. 51  OF  REAL; 


SUMxNT : =0; SUMxNB : =0 ; SUMxTB : =0 ; NTEMPFN : =0 ; NBARFN: =0; 
SUMxBHl :=0;SUMxVQL: =0; sur x: =0; 

FOR  K:=l  TO  5  DO  BEGIN 

SUMxSFtKI : =0; SI6VFNCK1: =0;SUMxT0PtK] : =0; SUMxBM2CK) : =0 
END; 

YUL: =A; XUL: =PI; 

YLL: =0; ILL: =0; 

for  ■:=  1  to  12  do  begin 

X:=(XUL+XLL-<  XLL-XUL) tXXl Cal) /2; 

SUNYNT: =0; SUHYNB: =0; SUHYTB : =0; 

SUHYBH1 :=0; SUHYVOL: =0; 

csl:=cos(x);snl:=sin(x); 

br l:=cos(x+d*snl); 

br2: =sin(x+dtsnl) ; 

abr 1 : =atbr 1 ; kasn 1 : =kapalatsn  1 ; 

ahet:=sqrt(abrlXabrl+kasnllkasnl); 

FOR  K:=l  TO  5  DO  BEGIN 

SUHYSFCK1: =0; SUHYTOPCK I : =0; SUMYBM2EK] : =0 
END; 

FOR  L:=  1  TO  12  DO  BEGIN 

Y:=  (YUL+YLL-(YLL-YUL)TXXl£Ll)/2; 
ybr 1 : =y*br 1; kys: =kapa tyt sn 1 ; 
DV0L:=(R*ybrmPU4«APAl(ybrUc5l 
+snlMbr2t(D*csl+l)); 
y2:  =sqr  t  (ybr  Uybr  Hkyslkys) ; 
y2a: =y2/ahet ; sqy2a: =y2aty2a; 

TEMP:  =TOt  ( 1+ALFAT)  KYPWRIALFAT,  ( 1  -sqy2a ) ) ; 

NTEHPFN :=XYPHR ( (ALFAN+ALFAT) , ( 1 -sqy2a ) ) ; 

NBARFN: =XYPHR<ALFAN, ( l-sqy2a) ) ; 

NSQRD: -  X YPWR < 2t ALF AN , (l-sqy2a) ) ; 
wldv:=«lCHXdvol; 

SUHYNT:1  w ldvINTEHPFN+SUHYNT ; 

SUHYVOL: =wldv+SUMYVOL : 


2); 


mm 


■  k-w-k'.M.i.'l.V 


L«W  v*v  w  .-v  W  L*V  IV  W  JW'JV 

n 


150 


SUMYNB: =  wldv*N8ARFNtSUMYN8; 

SUMYTB: =wldv*TEMP+SUHYTB; 

FOR  K:=  1  TO  5  DO  BE6IN 

SI6VFNCK3:  =  EXP(aXtK,limPHR(-CKUK,71,TEKP)+CmK,23 
+CmK,3»rEHP+Cn[Kl4me»ptT£HP+CnCK,5Itte»ptti«pTTEHP 
♦CIXtK,63WPHR(4,TEMP)); 

SUMYTQPCK3 : =wldv*SI6VFN£K]»NSQR0+SUHYT0PCK 1 ; 

END; 

END; 

yav*:=(yul-yll)/2; 

SUNYNT : =SUMYHTtyave; SUHXNT: =  SUMYNTtH 1 CH1+SUMXNT; 

SUMYTB: =SUMYTBtyavt ; SUHXTB: =  SUHYTBtWl CM3 +SUHXTB; 

SUMYNB: =SUMYNBtyave ; SUMXNB : =  SUMYNBtUl CM1+SUMXNB; 

SUMYVOL: =SUMYVQLtyave; SUMXVOL: =  SUHYVOLtMICMJ+SUHXVOL; 

SURX:=abs((-abrUbr2t(l+dtcsl)+atkapatkapa*snltcsl)/sqrt(brttbrl+kapatkapatsnUsnl))tUl[M3+SURX; 

FOR  K:=  1  TO  5  DO  BEGIN 

SUNYT0PCK3:=  SUHYTOP[K3tyaye;SUM!!TOPtK3:=  SUMYTOPtmWlIMJ+SUHXTOPM; 

END; 

END; 

xave:=(xul-xll)/2; 

NTEMP:=SUMXNTtxave; 

TEMPBAR: =SUMXTB*xave; 
mR:=SUNmtxave; 

VOLUME: =SUMXVOLtxave; 

SURF  ACE : =SURXt4 . 4tp i tp i tRtXAVE ; 

writeln;vriteln(r:5:2, '  ',a:5:2,’  ',sqrt((l+kapa*kapa)tata/2):7:2, '  'rsurxtxave:7:2,'  >,surfa 

FOR  K:=  I  TO  5  DO  BEGIN 
T0PCK3: »  SUMXTOPCKltxave; 

END; 

END;  (OF  PROCEDURE  INTEGRAL 1) 


PROCEDURE  MAGNET; 


m 

■;-v; 

r 

w 

>.V*. 


LABEL 


JUMP; 


VAR 

Z, ROHM PFC, GAMMA, LELPS, LTRL, ROHMCP, ROHMDISK, POHMTRL  : REAL; 

POHMD ISK , TAUT , TAUR , TAUA , OMEGA , BPO , RHOCU , RHOMASS , BR 1 , SQ I 0  : REAL ; 

ROHMTRL.RCPO  :REAL; 

UPFCO, UTFCO  : INTEGER; 


BE6IN 

RHQCU: =2. 45E- 10X0PTEMP+ 1 . 22E-8; 
SQIO: =10* 10; 


HTFCQ: =1  j 
UPFCO: =1 ; 

RDISK: -NtUTFCO/2/PI ; 

RCPQ:=R-l.ltA-0.3; 

IF  (RDISK<RCPO)  THEN  RDISK: =RCPO| 

BR1:=KAPA*A+2*0HBS; 

LELPS :  =P  IiSQRT  ( ( SSA+BR  i  HR  1 )  12 ) ; 

LTRL : =2tR+2 . 2tA+LELPS-2tRD I SK ; 

ROHNTRL : =1 . 71 E-8tLTRL/f PACK /WTFCOtWTFCOj 
2 : =2* (KAPA+O. 1 ) *A+2*0WBS+2tUTFCQ i 
ROHNCP: =RHOCUtZ/FPACK/PI /RCPOtRCPO ; 

RQKHD I  SK : = 1 . 7  lE-8t  <  LN  (RD ISK)  -LN  ( RCPO ) )  /2/P  I /UTFCQ/FPACK ; 
POHMTRl:=SQIO/N/NtROHNTRL; 

PQHMCP: =SQIO*RQHHCP; 

POHMDISK : -SQIOJROHHD ISK; 

POHNTFC : = < POHNTRLtN+POHMCP+PQHHD I  SK )  / 1  e6 ; 

ROHHPFC: -1 . 71E-8*6*PItA/FPACK/UPFC0j 
BR1:=0.3E6*IP; 

POHHPF  C : =218R 1 tBR 1 IRQHHPFC/ 1 16 ; 

POHHTOT  AL :  =POHHTF  C+POHHPFC ; 

(t  IF  ( POHMTOT AL >POH«HAX )  THEN  8QTQ  JUMP;  t) 

OPTTRL ; =LTRL+RD ISK; 

VETRL:=P»(R+3IA)t(2*(R-RCPQ)+8»A+2*(KAPA+0,I)*At2T0HBS+HTFC0); 

RH0HASS:=1.67e-27t(2tndave+3t(ntav«+nh«3av*)+4tnhe4ave+npave); 

TauA: =SBRT (auOtRHOMASS J/BT/FM; 

TauR : =«uOISQAtKAPA/ (8. 32«-4txypvr ( - 1 . 5 , ave t  **pt 1 e3) ) ; 

TauT:  =XYPHR(0. 6,  TauR)  HYPNRIO. 4,  TauA) ; 

6AMMA: =SQRT (TauT/TauR) ; 

BP0:=MU0*IPtlE6/4/PI/A; 

ONEGA: =1 /TauT; 

PCD :  =FCD*  VETRL  *OMEGA*GAMM  AtSBR  T  ( X  YP  HR  ( 4 ,  BT ) + X  YPUR  ( 4 ,  BPO  > )  /  MUO  / 1  e6 ; 
WRITELN (DESIOUT, COUNTCOMP: 3, ' , ’ , RDISK: 10, ' , ' ,HTFCQ: 10,’,' ,HPFCO: 10, 

» , ’ , POHNTFC: 10,  ’ , » ,POHHPFC: 10, * , ' ,PCD: 10,',', POHNTQTAL: 10 

’,',Z:10,',',POHHCP/1E6:10); 

FLUSH(DESIOUT); 

JUMP:  END;  (OF  PROCEDURE  MAGNET) 


PROCEDURE  PURBALANCE; 


IE,TE,PTR,PAUZ,fiPHR  : ARRAY  U..51  OF  REAL 

ZEFF , K2 , X I , P AU  X 1 , PB , D , EATA , PC , PCP , PCDR , BR 1 , NE20 , SQK2  : REAL; 


,'W 


PAUXAVE: =0; QPWRAVE: =0; 

BR1 : =NEAVE/ (NAVE-NEAVE) ; 

ZEFF : =BR ltBRl ; 

NE20: -NEAVEttE-20; 

sqk2:=2*sqk; 

sqkl:=l-*-sqk; 

XE[13:=  (4.68tA/(ne20*RtRt8))tSQRT(sqk2/(sqkl)); 

XEC23: =5. 95IXYPHR (1.02, ( AtSQRT ( (sqk 1 ) /2) ) ) 

*XYP«R(-0. 9,  (ne20) )  tXYPWR(-l . 63,  r )  HYPHR  (-0. 23,  ZEFF)  ; 

XEC31:  =0.  96XS8RT  (sqk2/sqk  1 )  IS8A/  IP; 

XEC41 : =3. 75*S0K2tSQA/ ( IPtRtsqk 1 ) ; 

XEE51 : =625tXYPHR(0. 76, BETAC) tXYPUR (1 .73, BT)*XYPUR(0. 62, (0. UAVETEHP)) 

tXYPHR(3. 38, A)*XYPURC0.71fKAPA)*XYPWR(-2.95t IP)tXYPWR(-2.55,  ASPECT); 

K2:s(0. 66+1. 88tXYPHR(-0. 5, ASPECT) -1.54/ASPECT)i(l+1.5/ASPECTtASP£CT); 

XI:=4. 12E-22*K2tXYPUR (1.5, ASPECT) t (NAVE-NEAVE) tZEFF tQtQ 
tXYPUR(-0.5, (0. ItAVETEMP) >/ (BTtBTtsqkl) ; 

PB: =5. 35E-43tNEAVE*NEAVE*ZEFF XS8RT (AVETEHP) tVQLUME; 

EATA : =8 . 32E-4*  X YPUR (-1.5, ( AVETEMP* 1 E3) ) ; 

D:  =2*NEAVE*A  WPWR  < -0. 75,  <  1 -BETAC) ) /SBRT  (EATAHYPHR  (3,  BT) ) ; 

PC : =KC*6 . 2 lE-23*NEAVE*AVETEnPtBTT8TtV0LUHEt  < 1 ♦AVETEMP / 1 46 ) ; 

PCP:=0.2»Cmi,  133+CXXI2, 133+0. 25*CXXt3, 133+CXXC4, 131+0. 1UCXXE5, 131; 

PCOR: - IPt IPtEAT  At4tR/ (S8At (sqk l ) ) ; 

PAUX1 : =PB+PC-PCP-PCDR; 

HRITE(BAL2,C0UNTC0«P:3,’,',PB:7:2,',’,PCP:7j2,,,'fPCDR:6:2); 

UR I TE ( BALANCE , CQUNTCQHP : 3 ,  ’ , ' ); 

FOR  I: =1  TO  5  DO  BEGIN 

TECI3: *6ISQKA/ (8t (XEC I 3+X I ) t (sqk  1 ) ) ; 

PTRC 1 3 :  =0. 5969tbetactFMtBTt  fatbt  tvol  u«e/t  eC  i  3 ;  (1.5tl.602E-22tNTENPAVEtV0LUNE/TECm 

PAUX [ I ] : =PAUJ 1 +PTRCI ] ; 

QPURt 1 3 : =PTHERH/PAUX  C 1 3 ; 

URITE  (8A12,’,',TEU]:6:2, V,PTRU3:7:2); 

FLUSH(BAL2); 

MR ITE (BALANCE, PAUX II 3 : 7: 2, f , ' , OPHRC 13:8:2, ’,'); 

FLUSH (BALANCE); 

IF  (PAUXIIKO)  THEN  PAUXCI3:=0; 

IF  (QPHRIIKO)  THEN  8PHRU3:=9.3999933E8; 

PAUXAVE: = (PAUXAVE+PAUX III ) /5 ; 

QPWRAVE: =(QPURAVE+8PHRE 1 3) /5; 

END; 

IF  ( QPWRAVE >3t9 , 9999999E8 /5 )  THEN  8PWRAVE:=0; 

WRITE(FIRST,PAUXAVE:5:2, '  ' ,QPWRAVE:9:0, »  '); 

URITE(LST,PAUXAVE:5:2, '  +, QPWRAVE: 9:0, »  '); 

HRITELN(BAL2); 

HR I TELN( BALANCE); 

END;  (OF  PROCEDURE  PURBALANCE) 


PROCEDURE  MERIT; 


PNET : =PAUXAVE-PCD; 

IF  (PNET<0)  THEN  PNET:=0; 
PREQ:=( (PNET+30)/0.5)+PCD/0.4j 
FNRT : = ( 0. 40TPE9U I V-PREQ ) / 1 000 ; 
WRITE  (FIRST, FHRT:7:2,'  '); 
WRITE  (LST,FHRT:6:2, ’  '); 

END; {OF  PROCEDURE  MERIT} 


PROCEDURE  COSTANALYSIS; 


CONST 

ACCT20=3.3; 

AVAILABILITY=0. 8; 

ACCT2 3=0.0; 

ACCT24=45.4; 

VAR 

ACCT21T, ACCT22T, ACCT25T, ACCT2G, ACCT90, ACCT91 , ACCT92, ACCT93  : REAL; 

FUELREQ , PREQCQST , ACCT94 , ACCT95 , ACCT99 , ALONG , P I SQ , SQ 1 , S92 , PET  : REAL ; 
VPLAS, RPLASSQ, RBLNKTSQ, VBLNKT, RSHLDSQ, VSHLD, VRB, VC, VVAC  : REAL; 

CAPRETURN, FWBLIFE, ON, FUELCOST, CAPFACTOR, SELLCOST  : REAL; 

ACCT21 , ACCT22  :ARRAYI1. .93  OF  REAL; 

ACCT25  :ARRAYC1..61  OF  REAL; 

ACCT221  : ARRAY!  1..  103  OF  REAL; 


BEGIN 

AL0N6:=(KAPA+0.1)tA; 

PIS8: =PItPI ; 

RPLASSQ: =( (2. 2*SQA*2. 2)+AL0N6tAL0N6) /4; 
VPLAS:=PtSMR*RPLASSQ; 

SB1 : =2. 21A+0WALLBLNKT ; 

SQ2: =ALONS*OUALLBLNKT; 
RBLNKTSQ:=(S81*SQl+SQ2tSQ2)/4; 

VBLNKT: =PISQtRtRBLNKTSQ-VPLAS; 

SQ1 : =SQ1+0SHLD; 

SQ2: =SQ2+QSHLD; 

RSHLDSQ: =  ( SO  USQ 1+SQ2IS82)  /4 ; 

VSHLD: =PISQtRtRSHLDSQ-VPLAS-V8LNKT ; 
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SQ2:=SQ2*HTFCS{ 

VRB:=12tPI*A«tSQ2; 

VC8=PURcps*Rcps*SQ2M8tOPTTRLtUTFCStUTFCS+12*PI*A*HPFCS«PFCS; 

VVAC : =VSHLD+VBLHKT  tVPLAS ; 

PET : =0 . 35tPNUCLEAR ; 

ACCT21 C 1 1 : =t 1 . 15; 

ACCT21 C23: =3E-4tVRB+39. 5; 

ACCT21C31 : =0} 

ACCT21[41s*7.135«YPHR(0.3,  PET/1000); 

ACCT21t51:=9.16; 

ACCT21[63:=76.5; 

ACCT21C71: =1.81; 

ACCT21T:=ACCT21Cl]+ACCT21[21+ACCT21t33+ACCT2i[5]+ACCT21E6]+ACCT21t73; 
ACCT21C81s  =0. 02TACCT21T; 

ACCT21 C93 :=0. 15*ACCT21T; 

ACCT21T:=ACCT21T+ACCT21C8]+ACCT21C91 ; 

ACCT221 11 3: =0. 3ItVBLNKTtO.  05; 

ACCT221C21:=0. 105TVSHLD; 

ACCT221 t31 : =0. 584*VC; 

ACCT221C41: =0.0; 

ACCT221 15] : =0. 1 12t (0.05*VRB) ; 

ACCT22 1 C  6 ] j  =0 . 005 1 tVVAC; 

ACCT221 17] :=0. 02B*Pther»+l .  00; 

ACCT221I8]:=I4.3; 

ACCT221E9] : =0.0; 

ACCT221 f 101 : =2. 82; 

ACCT22[11:=0; 

FOR  I:«l  TO  10  DO  ACCT22U ] : =ACCT22 [ 1 3 +ACCT221 [13; 

ACCT22C21 : =0. 069TPTHERM; 

ACCT22C31: =6. 7E-4IPTHERM+32. 6; 

ACCT22  C  4 1 : =0 . 00 1 2*PTHERM ; 

ACCT22 [51 : =0. 00965*PTHERM; 

ACCT22C  6 1 : =0 . 0 109381PTHERH ; 

ACCT22  C73:=23.41; 

ACCT22T : =ACCT22C 13+ACCT22C23+ACCT22E31+ACCT22C53+ACCT22C63+ACCT22E73; 
ACCT22C  8 1 : =0 . 02TACCT22T ; 

ACCT22t9]:=0.15*ACCT22T; 

ACCT22T : «ACCT22T +ACCT22 18  3 +ACCT22C93 ; 


ACCT25U3:=15.68; 

ACCT25C23:=12.35; 

ACCT25C33 : =6. 22; 

ACCT25  C43:=1.20; 

ACCT25Ti=ACCT25Cl 3+ACCT25E23+ACCT25I33+ACCT25f43 ; 
ACCT25C53 : s0. 03IACCT25T ; 

ACCT25  C  6  3 : =0 . 1 5 »ACCT25T ; 

ACCT25T  s  =ACCT25T+ACCT25  C  5  ] + ACCT25C  6  3 ; 
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ACCT26:=0.0142*VBLNKTJ0.15;  (COST  OF  U-238  SALT) 

ACCT90: =ACCT20+ACCT21T+ACCT22T+ACCT23+ACCT24+ACCT25T+ACCT26; 

ACCT91:=0. ItACCTSO; 

ACCT92; =0. 08IACCT90; 

ACCT33: =0. 05*ACCT90j 
ACCT94:=0; 

ACCT95: =0 ; 

ACCT99 : =ACCT90+ ACCT91+ ACCT92+ACCT93 ; 

FOR  I:»|  TO  5  00  BEGIN 
ACCT94 : =0 . 25 1 *ACCT99 ; 

ACCT95: =0. 155tACCT99; 

END; 

ACCT99: =ACCT99+ACCT95+ACCT94 ; 

CAPRETURN:=0. 15IACCT99; 

FUBLIFE:=12/WLT0T ; 

PREQC0ST:=LINEC0ST*PREQ*AVAILABILITY*8760E-S;  mi yr) 
ONi=ACCT22l£I]JAVAILABILITY/FH8LIFE*O.O2TACCT99*PREQC0ST; 

FUELREQ : =22E-6t 1 . 05*F I SPRODtAV A I LABILITY; 

CAPF  ACTOR: =FI SPRQDtAVA I LAB I L I TYI1 000; 

FUELCOST: =(CAPRETURN+Ofl+FUELREQ)  <1 . OEfi/CAPFACTOR;  { 19804/GRAN  PU-239) 
SELLCOST : =0 . 032tFUELC0S T* 1 E3+0 . 968*22;  U 9804/kg  installed) 

WRITELMIFIRST, »  ’,FUELC0ST:8:3,’  » , SELLC0ST:Bs2) ; 

WRITELN(LST,»  \FUELC0ST:7;2,'  ',SELLC0ST:8:2); 

WRITELNICOST, ACCT20: 6: 1 , ’  ’,ACCT21T:6:1,'  » , ACCT22T: 6: 1 , '  ' f ACCT23-.6: 1, 

’  ' , ACCT24:6: l , '  » , ACCT25T:6: l, »  ',ACCT26:8:1,'  » ,ACCT90:6: 1 , »  ', 
ACCT91 : 6: 1 1 '  » , ACCT92:6: 1, '  ',ACCT93:6:1,»  ',ACCT94:6:1,'  ’, 
ACCT95:6:1,'  » , ACCT99: 7: 2) ; 

FLUSH (COST); 

HR I TELN (C0ST2 , CAPRETURN : 7 : 2 , '  \0H:7:2,’  ', 

FUELREQ! 7: 2,'  ' , CAPFACTQR: 10, '  ' , FUELCOST: 7:3, '  » ,SELLCOST: 7:3) ; 
FLUSH(C0ST2); 

END;  (OF  PROCEDURE  COST) 


PROCEDURE  OUTPUT; 


URITE  (DTAOUT, COUNTCOMP: 3, ' , ’ , R: 5: 1 , * , » , A;5: 1 ,  ’ , ’ , ASPECT: 5: 1 , ' , ' , 

KAPA:5!l,  V,BT:5;1,  V,BETAC:6:3,  V,IP:6:2(  V,AVETEHP:6:2,  V, 
(FlSPR0Dt0.8) : 10, * , ’ , PHRTOTAL: 10,',', (NAVE-neave) : 10, ’ , ’ ,PESUIV: 10, V , 
HSUP: 7 : 2 , ' , ’ » VOLUME : 7 : 1 , ' , ' ) j 

HRITELN  (DTAOUT, NDAVE:  10,' , ' ,NTAVE:  10,', ',NHE3AVE: 10,',', NHE4AVE: 10, ’ , ' 

, NPAVE: 10, ' , ' ,NEAVE: 10, ' , ’ ,FM: 6:3, ' , ' , (NFLUX/sur  face) :  10) ; 

FLUSH (DTAOUT); 

HR1TE(DTA0UT2,C0UNTC0HP!3, ’,’); 

FOR  I  :=  1  TO  5  DO 


WRITE  (0TA0UT2,Cmi,9]:9,'l',Cmi,13]:i0l',');{Fp  AND  P) 

WRITE  (0TA0UT2, HLTOTs 7: 3, » f » , HLDTi 6s 3, ’ , » f WLD3s 6: 3, ' ,  ’ ,  WLTT: 6 : 3, ' , » ) 
FOR  I:*i  TO  5  DO  WRITE  (DTA0UT2,CXXt 1, 81:10, ','); 

WRITELN  (DTA0UT2, SURFACE: 7: 1, ' , » , THICKNS:5i2, \ • ,HAXBT:6:2); 
FLUSHI0TA0UT2); 

END; (OF  PROCEDURE  OUTPUT) 


BE6IN  (MAIN  PROGRAM) 
drscr; 

INPUT; 

ASSIGN  (FIRST, » FIRSTTS. PRN» ) ; 

REWRITE  (FIRST); 

ASSIGN  (DTAOUT, 'TSTl.prnM; 

REWRITE  (DTAOUT); 

ASSIGN  (DTA0UT2, 'TST2.prn' ); 

REWRITE  (DTA0UT2); 

ASSIGN  (BALANCE, ’ TSBL.PRNf ) ; 

REWRITE  (BALANCE); 

ASSIGN  (BAL2,'TSB2.PRN'); 

REWRITE  (BAL2); 

ASSIGN  (DESIOUT.’DITS.PRN1); 

REWRITE  (DES10UT); 

ASSIGN (COST, ' COSTTS. PRN» ) ; 

REWRITE(COST); 

ASSIGNCC0ST2, ’ COSTSUN. PRN’ ) ; 

REHR ITE (C0ST2) ; 

HEADER : =CONCAT (DATE, ’  '.TINE); 

WRITELN(FIRST, HEADER); 

WRITELN(DTAOUT, HEADER); 

WRITELN  (DTAOUT, ALFAN:6:2,',',ALFAT:6:2,V,D:6s2,V 
,  RALFA:  6:2, f ,  * ,RHE3:6:2, ’ , ’ ,rprot: 6j 2, ' , ' , BTMIN:6: 2, 1 , ' , BTMAX:6: 2, ’ , ' 
,TEHPNIN:7:l,V>TEHPMAX:7:l,V,RNIN;6:2,V,RHA)(:6:2,V,PWRHIN:7sl 
,',',IPMAXs6:I,',',FCD:5:2,',',FPACK:5:2,',',NH); 

FLUSH (DTAOUT); 
writeln(dtaout); 

WRITELN(DTAOUT); 

WRITELN; 

WRITELN  (’Research  Phase  2  —  Automatic  »ode’); 

WRITELN; 

WRITELN  CPrograi  Begins - Press  Q  to  terminate’ ) ; 

COUNT:  =0; 

C0UNTCONP:=O; 

T I NT : =TRUNC ( ( TENPMA  X - TEMPN IN)/ TOVAL ) ; 

TO:=TENPHAX; 
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FOR  TREP: =1  TO  TINT+l  DO  BEGIN 
HRITELN(FIRST); 

NRITELN(FIRST); 

HRITELN(FIRST,»T  =  »,T0:6sl); 

HRIIELN(FIRST); 

WRITELNILST,  HEADER) ;  WRITELN  (LST) ;  wr  i  tel  n  ( 1  st  ,chr  (15)); 

HRITELN(LST,'R  ':6,'A  ':6,'B  to  ':5,'Beta  ':5,'P  fus  ';7, 

'P  then  ':B,'Vp  »:7,»Ip  ':5,'Rcps  »:6, 'IBS  »:6,'n  flux  ’:9, 

»F  Ckg/yr!  »:9,'P  cd  *:7f'P  aux  »:8,'Q  ’:7,'F  »erit  ':7f 'Cost  ’:7, 

'SELLCOST  ':9); 

HRITELN(F1RST,’R  ':6,’A  ':6,'B  to  ’:6,'Beta  ':5,'P  fus  ' :8, 

'P  THERN  '  :9,'Vp  ':7,'Ip  ’:5,'Rcps  »:5f  *  IBS  ':5,»n  flux  ':10, 

'F  tkg/yr]  *s 10, *P  cd  ':6,'P  tfc  \«7f 'P  pfc ':7,'P  aux  ':8, 

'Q  ':7,'F  aerit  ’:7,'C0ST  ':7, 'SELLCOST  »:10); 

FLUSH(FIRST); 

WRITELMCCOST, *ACCT  20  *:7,’ACCT  21  ’:7,'ACCT  22  ':7,'ACCT  23  >:7, 

’ACCT  24  's 7, 'ACCT  25  ':7,’ACCT  26  » s7,»ACCT  90  »:7,’ACCT  91  ':7, 

'ACCT  92  *:7,'ACCT  93  ':7,'ACCT  94  * : 7, *  ACCT  95  ':7,’ACCT  99  ' :7); 

UR I TELN  CCOST ) ; FLUSH ( COST ) ; 

URITELN(C0ST2,'CAP  RET  ':9,'0tH  *:9,*FUEL  » :9, » CAPACITY  * : 10, 

’FUEL  COST  C«/gaP:  18, 'SELLCOST  Ct/kg  installed!  f:18); 
NRITELN(C0ST2);FLUSH(C0ST2); 

URITELN(DES10UT,’t  »:3,’R  disk  'slO.'U  tfc  »:10,»U  pfc  ':10,’P  tfc  ’:10, 

'P  pfc  'slO.'P  cd  ':10,'P  total  coil  ':I0,'P  cp  ':10)j 

WRITELN(DESIOUT) ; FLUSH(DESIOUT) ; 

UR I TELN ( BAL2 , ’ *  ':3,'P  brea  »:9,'P  part  ':9,’P  cd  heat  ’:10, 

'Tau  e  ':9,'P  tr  »:10,'Tau  e  ':9,'P  tr  »:10,’Tau  e  ':9,'P  tr  *:10, 

'Tau  e  ':9,'P  tr  ’:10,'Tau  e  ':9f’P  tr  ':IQ); 

HRITELN (BAL2) j  FLUSH (BAL2) ; 

»RITELN(BALANCE,’i  ’:3,'P  aux  ’:9,’0  plasaa  ’:10,’P  aux  >:9,’B  plasaa  »:10, 
'P  aux  ':9,’Q  plasaa  ':10,'P  aux  ’:9,'8  plasaa  ’:10,'P  aux  ':9, 

’Q  plasaa  *:10); 

WR I TELN ( BALANCE ); FL  USH ( BALANCE ) ; 

URITELN(FIRST) ; 

HRITELN(LST); 

FLUSH(LST); 

BTINT : =TRUNC( (BTHAX-BTHIN) /8TVAL) j 
ASPINT: =TRUNC( (ASPHAX-ASPNIN) /ASPVAL) ; 

RINT; =TRUHC ( (RHAX-RMIH) 7RVAL) ; 

URITELNITINT, BTINT, ASPINT, RINT) ; 

8T:=BT«AX; 

FOR  BTREP:=1  TO  BTINT+t  DO  BEBIN 
ASPECT : *ASPHAX ; 

FOR  ASPREP:=1  TO  ASPINT+1  DO  BEGIN 
R:=  RHAI| 

FOR  RREP:=1  TO  RINT+1  DO  BEGIN 


(ClRSCft;  } 

IF  KEYPRESSED  THEN  goto  quit; 
COUNT : =CQUNT + 1 ; 

URITECPASS  I’, COUNT: 4,' 
URITELNCR:  '.R:5:2.'  A:  ' 


SUCCESSFUL  *  f  COUNTCONP: 4, * 
'.ASPECT: 5:2,'  Bt:  ',BT:5:2); 


URITELNCR:  ' ,R:5:2f '  A:  ' , ASPECT:5:2, *  Bt:  ',BT:S:2); 

HFISS: =1 . 33; 

PHULT:=1.615E-18; 

A:=R/ASPECTj 

S8A:=AtA; 

A2:=1.WA;  CPLASHA  CHAMBER  RADIUS} 

THICKNS: =R-A2j 

IF  THICKNS<0.6  THEN  GOTO  JUMP; 

I0:=2*PimBT/MU0; 

RCPS: =S8RT ( 10/ 1500E4) /2/PI;  (SQRT(I0/1500/iE4)} 

URITEC  Reps  ':  10, RCPS:  7: 2); 

IF  RCPSM.O  THEN  SOTO  JUMP; 

UTFCS: =S8RT ( I0/1500E4/N) ; 

HRITEC  UTFCS  ':  10, UTFCS: 6: 3); 

IF  UTFCSM.O  THEN  SOTO  JUMP; 

KAPA:=2.277-0. 1949IASPECT; 

S8K:=KAPAttAPA; 

SQKA:=S8AtS8K; 

HAX  BT : =r  *bt / THICKNS ; 

IF  HAXBTM4  THEN  SOTO  JUMP; 

PURT0TAL:=0; 

OUBS:  =OUALLBLNKT +OSHLD ; 

IBS: =R-RCPS- A2 ; 

WRITE!'  IBS  ’:10,IBS:6:3); 

IF  IBS<0.5  THEN  SOTO  JUMP; 

IF  (IBS)l.O)  THEN  BE6IN 
NFISS: =1 . 1THFISS; 

PHULT : =1 . ltPHULT ; 

END; 

EPSLN: =1 / ASPECT ; 

CIssl  22  -0,68t£PSlN* 

IP:=(5*A*BT/Q)t(CItEPSLN/SfiR(l-EPSLN»EPSLN) ) t< (1+SQK) 12) ; 

IF  (IPMPHAI)  THEN  60T0  JUMP; 

UPFCS: =SQRT ( IP/1500E4) ; 

URITELNC  Upfes  ' :  10, UPFCS: 6:3) ; 

IF  UPFCS>1.0  THEN  SOTO  JUMP; 

FH: =-19. 29678-11 1 . 6929*ASPECT+406. 53»ASPECTTASPECT-477. 5579 

tASPECT*ASPECT*ASPECT+265 . 601 9JXYPWR ( 4 , ASPECT) -7 1 . 9322*XYPUR  C  5 , ASPECT ) 
♦7 . 662087IIYPUR (6 , ASPECT ) ) 

IF  (FN< 1 . 00)  THEN  FM:=1; 

BETACj  =FtIP/A/BT/FH; 

NTEHPAVE: =BETAC*BT*FN*BT*FH/ ( 2IHU04 1 . 6022E- 16); 


tf&i 


m 


*33 


sw 


*vv'J 


t-  4i 

YY: 


MFLUX : = (HFLUXDT INFLUX  TT +NFLUXD3 ) tvo 1 u»t; 
FISPR0D:=233il.66E-27t(HFISStNFLUX)t3.158E7;  {kg  Pu/yr) 
P£8UIV:=£fiss*FISPR0D*0.8/lE6/(l-C)/(i+ALPHA)/3.15SE7; 

PNUCLEAR: =PHULTtNFLUX ; 

NSUP : =PEQU I V/PMUCLEAR ; 

WLDT : -NFLUXDTtVQLUMEtENERDTNtl . 6022E-19/SURFACE; 
ULD3:=NFLUXD3XVQLUMEtENER03Ntt.6022E-l9/SURFACE; 
WLTT:=NFLUXTTtVOLUMEIENERTTNtl . 6022E-19/SURF ACE; 

ULTOTi =MLDT+WLD3+MLTT; 

PTHERM:=PWRTDTAL+PNUCLEAR-WLTOT*SURFACE; 

IF  (PTHERM(PHRMIN)  THEN  GOTO  JUMP; 

WRI TE(FIRST, COUNTCOMP: 3, '  ’,R:5:2,'  ', ASPECT: 6: 2,'  \Bt:6:2,'  ' , BetaC: 5:3, '  » 
fPURTQTAL:7:2, 1  » , PTHERM:8: 1 , '  ' , PNUCLEAR: 8: 1 , '  VOLUME: 6: 1 , '  » 

, Ip:5: 1, '  ',RCPS:5:2,»  ',IBS:5:2,'  »,NFLUX:B,'  ', 

(F ISPRODXO .  8/  sur  f  ac  e) :  8) ; 

MRITE(LST,R:4:1,'  », ASPECT: 4: 1, ’  ',Bt:4:l,'  1 , BetaC: 6:3, »  ' 

,PWRT0TAL:8:1,’  ',PTHERH:7:1,'  >,V0LUME:6:1,'  • 

, Ip:5: 1, f  ' ,RCPS:5:2,’  ',IBS:5:2,'  ’,NFLUX:B,'  ' , (FISPRODtO. 8) : B) ; 
MAGNET; 

URITE(FIRST,HPFCS:5:2, '  \NTFCS:5:2,'  »,PCD:8:2,'  ’,P0HHTFC:8:2,'  ’ 
,P0HHPFC:7:2,'  '); 

WRITE(LST,PCD:6:2,'  ');  { , POHMTFC: 8:2, *  • ,P0HMPFC:7:2, '  ');) 

COUNTCOMP : =CQUNTCGMP+ 1 ; 

PHRBALANCE; 

MERIT; 

COSTANALYSIS; 

FLUSH(FIRST); 

FLUSH(LST); 

plotplasaa; 

URITELN  CSUCESSFULLY  COMPLETED  t  '  .COUNTCOMP); 

OUTPUT; 

JUMP:  writtln; 

R:=R-RVAL; 

END;  {R  ROUNTINE) 

ASPECT: =ASPECT-ASPVAL; 

END; 

BT:=BT-BTVAL; 

END;  {BT  ROUTINE) 

HR ITELN ( DT AOUT ) ; UR I TELN ( DTAOUT ) ; HR I TELN  C  DT  AOUT ) ; 

HRITELNCDTA0UT2) ;HRITELN(DTA0UT2) ; HRITELN(DTAOUT2) ; 

TO: =TO-TOVAL; 

END;  (TO  ROUTINE) 

SUIT:  HRITEIN(’COMPLETE’); 

CLOSE  (DTAOUT); 

CLOSE  (DTAOUT2); 

CLOSE  (BALANCE): 


